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PR R BURFFA
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Wit P A 5 T 2 R A A A & B i R 4
(AN Ji, b T L - 300 S A A e B 25 38
PEA AT I S S B RET , J KBR2E A R T
Pl B T Ak, FERCEERE b, AL BRI T AE—2
RS T R 2% AR R 1 B &R, B AL T R
oy Bl P R SR I AR AT M BT S E 2R
F2EEE T AL BURTE R B2 R e 1 P A A
HATT , AUASCR] T 3% 10 BT 4] ) 396 i3
T, A s AL A L SR T RCR, b R 5 L
e ] L S A A SR b ) g e L RO - R SR
—PEHREI R BER S . 5 R AR, R B
B R R S NN TR E AL AN ISy 2 E
B W IER, TSR ZZ B T TARPR S | 4
FHIFE 5 1 BCE BURR B 51 - 1R T S 4R RSO B B
7o, TESE B AR b HAT S A B R S

®2 AFEXHEEEBRATHNA

BARME
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PAYE
e S RS | e Ve
\ e BRIEES
pianper s O
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L UL SR A YNTE S

B 2 388 S AR 2% PR 14 o O R

F 22 T S AP RO 2% 1 S A B, PRI S A5 (5595 . MR A R, S PAT BN

R 2% AR 5538 A5 R A 0 28 EL RV G R IR BE R
RGHMTFRER

21 Al REEBRmEIEIT

R AT R 4R 2 AP B BTkt
SEFNHEA . ARG BT B 2 R F A A B 22
SyAEIE M BN, 255 N T2k, 38 % KT
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| AR MR . @RS 2 ik, AL A
BB IRt 0 BN v 2% ) 4540 S 805 W R ) o, 22
) 9 52 2 LS DG 2R, I HL B8 BB TG /2 H bRtk fig
IR A4S, 02350 0T 5 B9 T s (Y I []
SRR, P, AT AR A i a5
RETINR AL T —Fhm k. B e fLrEnEE .

Niu SFE HH— MR AL ZEHESL, IZHESE P 7]
g5 B 28 ) 4% (tandem neural network, TNN) 5 ¥ J&
Q M %% (deep Q—network, DQN) ., Fris i1 HE 4L A4 it F
AE TR, B 56, TNN B2 H AR 588 R 5%

et bERe th &, 6 m) AR R T R LT S8,
UK, DQN B¢ M5 HEA [ ke g R s b 2 2 155, Dhd
KA T IR B #E (radar cross section, RCS) Z5#Hr 7
i EAR, B BRI SRS, H R R R
“O/1 SIS o 2T BT G S L SRR AL 5
HHEPE Rl TE Rl — AR, SCBL T 450 S HE 1Y
WG Rii, HETIHAELLE T iR I, 7 B
W B LR M RE, % T AR SEELR BT MRS 1Y
Ui B i [ B, I AR R AR T A e Ak 4
HE T R AR AR

Final arrangement
. J

, Tandem neural network \
Inverse model Pretrained forward model
10 1 81 o)
11§08 1 fo5 o
| . 11
b Unit“0”” [0 000 1 1 0
Input ACR
performance 11§01 [O1f0
188 1 BEN
Coded array
Unit “1” arrangement
Parameters output
\. J
- N\ Deep Q network 5 ~
Every M steps

2 4 8 20
Theoretical calculation
of RCS reduction

update model

Replay buff
@ Store (9 00> T'g5 S1)

(Sv Qp Ty Sr+1)

P11 TR A T A0 28 10 46 ) 3 T30 [ 3 HAE

Ry i MR A 0 T 2 > A PR A o 3 T 3 ) 1
TEAE )« BA4R 7 ) 18T, Khatib 25" 22 7 9 B R A
Lorentz #fl 28 M 45 , Kl iR 4 AL L 7406 13 1Y) Lorentz 4
FHREUAE P FRA R i A )2 o XX — 1 Tl
W 28 T Hz 27 ) I B IR 2 MBS A AR T ARG
U A" B, T TR R AT R . I
A, HR TSR Th e B I S 5 B R 75 2 K
P B L g ), HAZ BRI ) g O B0 A 2 .
EF XTI, Tang S5 H T 38 F A5 BT
A #A 70 (gate recurrent unit, GRU) 2%, i 15 Wi 25
Z R LR, SO FH e Sslcan A BRIV AT =g B
DU s 3 7 - 4 DRIy iR 4538 3 by 3 v
BRI AR h, AT R He 40 B SR SR B [R], A 3
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PRORBETT o Ding S5 X WU A7 880 A 2% 68 %
T W VAT o, ) 2 T 6 T N T A 20 I 246 %) 36 [ i
2, WA E 12MFT R, SO T XSS R SR R
R E S R B RIE AR . % TAEC SRR ]
P s S5k F] 6.70 THz, BETTHR 2502 0.59%, i
W TR RE 0715 C BB B TE R S ity H AR B SE I =
R B B KR g a3t EAh, Zhao S5 IR 24 2]
T3 355Kk 25 A W 1% G/ 3R T 45 A 1, SR
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P12 OUZ A sk 2 TR AP b 22 1o 2 0 5 i A

Aty 58 B LT S Wi, e i v 05 BRI 1 9
IMEE R — Bk . S5 GEMRMUR & i (5 LA 22 56
TSI EAR L, PR W] AL C RERS T 17 HAAK
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AL AR R RE R T B 52 2% 8 DR 2% i 3% ThT 25
Fo Gao U T 5T — 4G BRI 28 I 25 1 Kb 2%
L T A2 s 00 1) A T 1k, 3 LA S B30 (4K
PEVE A LAZG TS5 AE A MR Dy kB, 1 A2 2
AR TIUAL BEAVER M A AD B, 5B T s i)
SEN S, i — 20 b, Xia SETH ) H BROEARFIR &
THREA R 2% B T, $2 15 1 HE TR EE Unet++ 452 I
XF 3T W 2% (deep Unet++conditional generative adversa-
rial network, Deep UCGAN++) fF BE R TTHESR, I 7
ST AL 20000 MEEAS ) [ H E S AR S E U
8, T S 58 eI 5 Lt AL e #5552 5 T e B b
) X ) FI0 5 3 ) A B AP AE DA R R 54 4
FEAS, Xof TN WA WL AT 0 L, R O e A
ZeIife BAR A EA BAF e Y AZ ALRE ST . B
AR, AL TERBR G488 2R T A, TE f KL
ZRAAE D R H PSR . ZDhReAE4E H
Rl aranns
22 BEMESBRE
I 37 A2 T A R TR Ao 5 | A It L 45 L B 5

52

BRERL, MR R M AENS S SRR (R &, HARYE
FUAIRZS AN P A 32 IR i e R, DT ) e
IR SRR PR AT A . B TSR
B, PR, R RE R 2 T C 7R ShAS KL . A7 1w
SO, N R R ) R AL e 9K Sl i LSS
HAETT L AR W RS BLHAS . MEZ T, K
WREEA B FR T RS a8 . SR . P51 2R
SR G INAE ST, H AT 2R ) A0 32 2R B A 3
SR IR R B0 L ] i R TR i ) 2 LA B
BEE R IE L T
221 INEXEH

BN REAL R GURY AR 1T BEAS BN PR AL, A
UL | B Sl | R B AR, Of HLBERAE B A
TR OE A SRR, SEBU A DI RE .
Zhang 5" I 52560 BIE T — B R RE 23 13-
7 T G A R T S I SRR S I T R G IR
SR, ST A (Al AS R 2 R R S h AR B
BT, HAZ O R A FH I ] ] i 454 S S H
braz sl g Y 225 B AL, - Bl d AR s | ot
A AT T R i s P G PAT B4 il e, DA 572
TN T B S5 . Lin 55948 ) — Fole ik
S AR T Rl —FLAR BRI, et 7 —Fb
BREILALAR S T A A A T [ 5 A BT A R
P 1397, R AT TR A 1 T R R R B4 il
8 R RE AR, B AT LA B S T A LR A
AN U ST E PR IVAL LEC SV ()5 € A B ]
A LRI 368 2ok P ) P 2 TR 33 T LA
PRAEF W A R R 7 1), 5307 18] 5 e TS A Y
DIREIX I IC FE, DT DR SR - U145 3 390 5 39 el 31
BUNRIIRE. AL TAERBIINATE RO BE, P52
R RE R SR T L 22 A T AT A SRR — RS
— AT SEHELE

TE R 25 AU, PRI AT BRI 4 AR S T AR
DAk T B BE, (B E H BLRA UR IR R Gk
T Chen S5 RBR 2% 8 BE AL 2 i 4] 14
7R, R RICH G JR—A 5 Z—8 8 3 )24
R, LA VO, MR R o i fL (4% VO, fE
G AN % 25 Z 1) V)G, R SE B S 9T il 5 i 7
1A, BRLIC AT VO, (SRR SR 5 2%
PDARERI o R TR R 2L RERE R M 148 4>
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Incident
Region n
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“

Incident
Regionj *°

DC Voltage
TApplied on
PIN Diodes

(a) B HER

Varactors

Incident
waves
| -
X IQ@WBS
- '>I GY“O Receiving (Connected to the power
: port distribution network)

(b) FBTHTEITAY S P
K13 B R

TRENLE AL, BT B 5 ) o E g R 2% B S el il 5
T A S AT RN BE o 8 Tt A [7) 24 % 1 471, 2%
FA Y0 R LB iR 42.8° 1) Kb 2% I AR i e, I AE R —
-5 N SE RN | SRS PR R — R E . AR
o R I> T MRS E E O AL RS, TR
R, IR G T 4 AP PR FA R R . Bl
Ja, RGBS LA DRI, I il g R T
SR P A1 22 380 3 ) 23R S5 P e A e A 4%
) - H S, AT S5 B XS Ah SRR 5 i AT 1 36 0
Lo BN R B RHE IR T A Sh5e i, R BLH
SEREAY AR T RAAIE

SR, PR H R BRI A G B T 5K
BUERSE {5 BRI, AR 55 5 AT 2 8] B4 25k A
o TERIHIEL, R C I A A R G852 BUAE
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Input Sensing and reaction Output
Incident THz power (P,)  If P>P,, @
[
beam steering 2
1 %
else 2
power off. <.
%

Control signal Detected value

Self-adaptive metasurface

« " 3
Amplifier Switch matrix Computer

(a) BT VO,MERE FT N R I RS AR AAHELR

N

S (v 37.0Q 0pH 13fF
PO - pH 1.
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EONUIEN
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RS layer 109.4 Q 83.2 pH 2.6 fF
SRR NS
- SRR TN e,
PRL 2 i
> fpl/(g Q\‘\q llm 3 \ 1
z ST e 1 .
y % &3 h
) S, 2, 7
’ S o, Ty L t m VO,
S, 7, O3 .+ Au
‘y%y Fo AlLO;,
7

(b) HENEFREERE, PATTHH 5Lk E iR
B 14 KF2EE ReR e m

IR R 2% B, B I AT T 24 b I S 0
T RE R — LR N, RGEHIE S TR A itk
— R TS ST TR R
7 T B I PN P 2 0 B JGRE 0, DT Bl AR 2% P18 58
R DRI R AR E 1 RGN
222 ZEAEXE

RSB SR—FRG SO 1S IEEZH
JRE B I AMLAE B 3, 38 A B R A R A e R
JoECE I, R T L H SR R me R . Li S50
P T —EE T EAN S B AR RT e
FHEAEEIREE RS0, 1% £ 5L Intel RealSense FHHL
YRR BT o, SRAEIREEAE B 2R YOLOv4-tiny £
RUSEES R I IE 3l 5 bR S, il at — ATl 2R i 22
IR 28, K bR F B2 B 5 Ay B O %) S T 4 5 ) 471, 5
AR PRPER R S5 PUT. TR, Z RS
SIS R A% B AR Y 4, IS BAT X H AR A ) U AR
W5 s, e, Li 25048 T —Fh 3T
A& LI AT E A R R SR T R e, T IR RE A .
ARG TAERS, STARFHMLSE R SRPOAEE H B AR AL B
B fE B, FEEH TR T YOLOVS Bk 5t il B br
ez 55 5 o7, I A S AH I 1% R R T AR AV 35 i B 58, A
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1713 S B0 i L B 8l F AR B4 [ BRSO, R e 4Ry
W 15PN o SERERI, IZ R G TAL, S
S5 HE B TR A T R O M A, R SR
S EYsEEg i

Unmanned aerial vehicle

= lep
& ™ 4
9 T
SE
QANGQ imm M
IS N,
> IRV "\
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integrated Q
router
| Smartphone
= —
e
o T & Phase pattern \\%“}" !
COmPUtation uﬂit\ B g\@‘\ Unmanned delivery car
(a) WPT RGTE5 M AUH R I 5
Diode#4 ..

MWioder3™ -+~ Txlayer

"« 90° delay line

NN

.1 DC layer on Tx side
= \t Ground plane
= on Tx side

, - L‘ DC line on Tx side
p «————— Through-hole via
‘-r DC line on Rx side
; . Ground plane on

Rx side
_l\ > DC layer on Rx side
~ + Rxlayer

Diode#
Diode#2 Substrate Metal Bonding

(b) B FILLEH
Bl 15 A2 B fe B 3R

W H R R TEARAE T H AR UL
I 2, 2 e T HAE AHLAE B3 5 v 0y oL v
J1o Meng SFCHRH T — R 7 4 B S I E = 1 TE
TRAFRBEMRG . ZAZKET 1212 FuK
Al g RE AR R, GBS RS B AR (B bR
M4 %O AR TT, SCHE AR AR [ R
K72 M TAE R AT, F Pl i &
A48 UL iy i) JAE 75 7E B EBNT, RGR AL
JRRAS B 1 By 1) el FH 0 J 7 R 36 AUASA ), TRIER 52
FEXT R AR IR A AT TR LI . Dong SECI 42
T T SE I o4 B AR i AR IR A B e
MEMARG. K 16BN TIZRGHIREMIL, 15
PO %k ALTHAAEL . FPGA FIA] 4 i 3 IH
Wl RGABTTH, TEABHLANE S B 5R A IR
BEE S A4, g ALRES 2 2505 8, diding
REFIEA WARGAE RIS, 28 FPGA 2 il 8 3K 1 F
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TOARAS, B WUE 1) o, e 26 S XS e 1 A% 30 H A
4 1) JCE FE LS UL i

Environment
information

Camera

computin d
module

Speech Phase p?ttern
recognition
Template FPGA ‘
matching Programmable 3 . - \g/lrelets.s
metasurface information
calfc):g?:{cion &/. x_‘/Qransmlsswn

(a) W] E R REMIR I AOAELL

llggr Substrate  Bounding layer

| [
1 ’
[ L)
|

A Grqund 2 hs Biaslayer

(b) Ftffsi fig nl Ay
AT A TCAH ]

K 16

(c) AR
[=E S5

W R RE R T

R 22 A3 B3 18 AR Y B -5 TR LB X 7 ) i 22
WA H A1, H Ak 5 2 A A nl 25 A S T i
Uit MURAR P 5 BB D ST o Li SFB0T 1 TR
HE R TR 88 Af2& 25 R IA | d, wnfel 17
s, T SRR R A0 AR, S8 T XU 5. B
FEAHHE R A 1 S T 4 R B T U s 2 ) AN
SIS AMEG R 15 22 B 20, [7] ik 3 ik X081 H A
A i 52 B B4 {H Hadamard HEA, (ff i IN R) 47 0 17—
o ZTAER EZ R SOMUE TIREA S, AT H
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K %% P B PRt TR 3R 2 nT g AR 1) 5 ] HE AL SR
S . b, Liu 80T B0 R Al S0 A S50 3R
TSI T 68 T A 2% 48 SO 5 B 5 R U,
A H R T R RS AR, (R IL T R 2% IR
IEGASESL - =Rv S iy 3y

TER BB M 2817, Roh 450N 8 2 7 4% 9 Kbk 2%
BG5S 2 MRS 6, T 1 B Bk 240 A e /) B
ki 2 ToAm e U 5 i FUR A . I TAEFI g8k
S 2 T 1 5 AR 2% RGOS LU B, I3 e ot 28 IR 6% 5
IR e 96 £H 2 500 50 0, s DX R A 2R 0 999%,
W Ko 2% 8 2 T SR R I o — PTG s — e
X —HE SR TS BV . BACRE, Kbk
ZEATBE ST B 8 BT I . GOT B VR RE A BT
M . XL TAE MRS R T A 22 |
FRY¢8, 0T Ry J5 SL T ) R 2245 B 1 A8 B U el R
THA SRR AL T R
23 HegpEBEREMAA
231 KEFZER&

K2 NG EA AR E | FaiE B s SO Rt
N PR A5 M BURR AR A, TETCHAG I | 22 A A Tl A %
H s IR S5 e B B0 G 1 . S5 K24
UG R GAR L, 8 R 1 RE i o R g s | R
FHARZS )8 6 45 7 XHRTHE S AREEE ), s K
RZE AR ) T AR | il R RE AR T M R B . Wang
SEPE T — MR TR Q MR i 2 3% R4 2 (bound
state in the continuum, BIC) [ Z2 55 K 2% 1T Z P2 8
T UG T . ER GRS~ 5806 7] Jn i i R 1w
F1 FPGA = AL B, 7T 38 o3 0 37 9895 AN [R] -5 51
P25 SR ARV S 22 T IE B T AR . i TAE B, Jaie
HH SR EREES S, KL R R Gt T
s B 5 RO =

R THI I AT S5 407 TS AR R RN S5 4 25
¥ B KR 2% USRI B, L e T
— PP AR AT IR 2Z AL BRAS, R R 22 S ey
A 33k J2 B2 X6 it PN S B s B R A T PR A
W o 2L TCAE S A, WA T 20 8 By b 38
THEIRMER, T O AR S N
AELEBRGBEE 1A, DT I 35 AR T Hidi R A 5 5 b B
A, Kbk2z R SR RE T BE G5, v RS
“ AR —EE R AR — 2D R R Ry R R
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HI—H 5] — R A 15 BRI

HE— 0 Hl, Liao S5 TR T 20O0IR &R 1H
YRR PR R 2% 1T OGS 5 B8 R T &, nfEl 185
PR o 127 6 R SR 2 A e % 27 R 2575 (quasi—
bound states in the continuum, q—BIC) i) 1% & i#8 5 1,
PR T ey . ARAH DG H A PRy 25 DGR il %, IR
HR T R 2% TSRO GIE AR R R . S RO
PRAE IR LA TR 1 58 5 SR AR LE, X TARJER T
K25 RAG R Ge ) AR s 38 e R ORI P At
D5 ) 2 e B 7 o Rk 2% 88 3R T IR I AR H B — 1
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BreralRe I E GG 6 .
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K18 ETRGEEm RO SRR RNE RS

232 HYWEEF

K 2% WA TR BGE R O TRER S ARd R
PEAEOLHA, 1 T AW o0 TR o 45 R TR 9
YA A BIRE ST, Kbk 2% R i AR ARy IR
PRGN S YU B RAF RS . Roh S5 T MGIE T
TR 2 THT 30 3 A 2 I 15 R RE U AR 245 5 A i o B
240 R 120 B R PR ST 7, U OROBR 24 e R
T AT B2 o Tobn i AR M A 2V B AT O R T B
Zhang S TF K T —RhRE T BOBERR AR AT MR Y R
2% R RS, AN 19(a) TR . AR
i WA B AT, R P AR X PRI A B
% Fano LIk DL 5t J=) Jek 37 B0 o A R E A 1A
19(b) PR : 72 B AEAULZE S, s IR IR B 23
B S SR & AR 2085 (G e S ) s A 2
INTMIRS ST S R AR RS R, RIGE X
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229.6 GHz/RIU, Mtk —2E$E FH e £, w57 A BAXT
SRR T AL 2B, B 2B T LI TE KRR

- : '-'1 =
1 SWCNTs film
mmm Field enhancement

%1 A(serum amyloid A, SAA) A K BE /R 4 i R B
STk e Al

~
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19 b 2% 88 2 1 1 ks

5% BAT TR W I AR AR SRS & 32
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AT B0 SN R R 0 A 7 R S o, RERS TR — 4R s
[i1] FFef i o I AR SR A B AR, Iy 22 T 41 i P
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AT ERFEL AL SARTIFERRE, JF HIHBI A 5]
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ESSMUNITI R o
2.3.3 6GI&E(E
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P A ] L A 1T 4 BSRD Bh 25 E A A B, T i
g AT | 4 as () 7 56 R £ RO — IR Ak S
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15 1 I 45 IV K 7 2% 35 et 2 PT T A 4 RE 3 1, i 2o PB
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WZEE T LEO DEM M =45 %A 115 RIS IR
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[F2E AT, 2 Kb 25 (8 e b Im] 5 B S DR el
SCRF o RBURME L BLAT [1) R 2% 55 g A1 B T8 0E 1) 7
01, it — 4564 B 25 A Z 5 (multiple—input mul-
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P HE 3 FIEE 5 RAGMEA5 5 ARG SRS T, Sty
ALBRZNY 6G 25 K — A4l /0 45 225 SCBEF AR SER
234 FEEFE

W B BA I Ao AR B A P00 1, O L2 e
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Abstract
imaging, and sensing, while metasurfaces provide a new approach for efficient terahertz—wave manipulation. This paper reviews recent

Terahertz waves have shown significant application potential in sixth—generation mobile communications, biomedical

progress in intelligent metasurface—based terahertz—wave control technologies. It systematically summarizes the major implementation
routes, including mechanical reconfiguration, optoelectronic tuning, phase—change—material switching, integrated semiconductor devices,
and programmable control. It also discusses recent advances in the use of artificial intelligence for inverse design, adaptive environmental
interaction, multimodal sensing, and intelligent analysis of terahertz metasurfaces. Furthermore, representative applications in terahertz
imaging, biomedical detection, 6G communications, defense and security, as well as system integration and prototype validation are
reviewed. Existing studies indicate that intelligent terahertz metasurfaces are evolving from single—function devices toward system—level
platforms integrating sensing, decision—making, and control. However, several key challenges remain, including sensitivity to device loss,
insufficient front—end sensing hardware, complex array—level driving and packaging, stringent fabrication consistency requirements, and
the lack of unified testing and evaluation methods. Future research should therefore focus on low—loss tunable materials, high—sensitivity
sensing front ends, array—level collaborative integration, system prototype validation, and standardized evaluation methods, so as to
promote the transition of intelligent terahertz metasurfaces from proof-of—concept demonstrations to stable engineering applications.
Keywords terahertz; metasurface; artificial intelligence; intelligent control
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