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Abstract: To address the issues of large prediction deviation and high dataset cost in traditional frequency selective sur-
face (FSS) design combined with neural networks, an agile FSS design framework based on improved random forest
(RF) and multi-scale convolutional neural network (MS-CNN) was proposed. In the framework, the improved RF opti-
mized the sampling strategy through electromagnetic characteristic splitting criteria and multi-feature interaction evalua-
tion to construct a high-quality dataset—only 1 157 samples were needed to achieve a prediction mean squared error
(MSE) < 2.0, reducing the sample size by 61% compared with traditional sampling. The MS-CNN used 3x1, 5x1, and 7%
1 multi-scale convolution kernels to extract electromagnetic response features, and combined with a frequency gradient
loss function; the prediction MSE of TE/TM dual-polarization S,, curves at 0°/70° incident angles was as low as 2.2.With
MS-CNN as the prediction agent, reverse design combined with particle swarm optimization (PSO) was conducted to
output FSS parameters meeting the requirements: S,, = —1.5 dB in the 25~33 GHz band, stable response at 0°~70° inci-
dent angles, and dual-polarization adaptation. The parameters were verified to meet the standards via HFSS, and the
model’s generalization was validated in the 20~28 GHz band.This framework provides an efficient solution for the agile
design of wideband, multi-polarization, and wide-angle FSS.

Keywords: frequency selective surface, Random forest algorithm, multi-scale convolutional neural network, PSO

WimBHA: 2025-11-03; fEEIEEA: 2026-01-14

BIE1EE: HIE, yuandu@nju.edu.cn

EEWE: FEEKESTIRRIES T H (No.2021YFA0717700) ; 117544 XU 61 A1 FAE 4 % B35 H (No.JSSCTD202202)
Foundation Items: The National Key Research and Development Program of China (N0.2021YFA0717700), Jiangsu Province Double
Creation Team (No.JSSCTD202202)



+ 268 -

5

hallis

{18 47 %

B

0 3|5

BEE 6G. 75 R ML — A b W 4% 25 1 e 2kl A
RGN, R EUR I Sh A YRk R S
Jail, HCAREE I 7 H 28R A R AT
WL AR GRS, SO N — U R Lkl
18 R B MIAZ 0 75 3R,

Z B R R B 5 B 2 A BU T =9,
NIRRT (FSS) PIYE 6G &) 45 M 2 N
(DSA) 375 )8 FH B2 BE it . DSA & A A 4910t
BZOE RS, EHEESSER. ZHPT
PLEEPkIK . FSS T ik & H% Bp o HEAf SE AR E A
B G IR BB ST . RGBT, AR U A
BOFE SRR AE BAR TS 55 JoUR T E AR R
AR T = NS S B s e EB), N FSSIEEY
SUEHIRME T 5% . FSSTERE eI AN n . 3
O N N R AT S Sl N AW (= R Y R s
TEREEN. fE6GENT T, FSS 454 %k
SRR S, nRAENSEIEERE, HiE
THAERE B B Yo S R AR 51 Rk k.

B RETE N 1 50t FSS HR M B4 o8 . 24k
AL RN e i B = R . AR S FSS %
THRK & R A 505 2P FAPAE = K. — %2
UL SHENS, TRARAUEH T s
M, SRZ By sRTFNRSIHREN R, S5
RACRCRARDY A BR e VR SR AUE I VR SRl B
FERT A, Z BB RIREZ , THERAER S .
Wi AMK; =G BANRTRE, MUEmES
B AR R AT WA RO A R A 7
%, TIEER 6G RGixt FSS HIE#E 5K,

DNRLXS FIRBRAR, AR TR A 2] 1 LR
o A W R T R 5 R0 I . W | | B P S
P, g g HLg oK AR MU RE 0, IR
PFSS Bt A PRt T Aprig a1, (HILA HLEE
)TN ARG 2 R IR 25—, HuR
SEMEBCRILT, A 7R F B 5 R PR R 5
&, RIKBNEETREMNA, RN EREIRE
AR IXEECRFE VLA RS EIRIME G AN, T
ARG B a%: B, BRI S —
A R, DA AR 2 R FH B R A B B B
A VA X 4% SR K T LAY, X DA R B
fE—— IR s VR PRI S 5 A R MR
D AR R UEIR G BB =, Wit SR

B, AR Z XA BRI < —P7 B
SRR, RIS ah G BRI LR S A R IR,
I) B A TR0 s 2 FE AL AL I R R S AT AL 4%, S5
WAt 5 N R il s Rl 00, iz EE J1Z IR,
DU R 2 BT PR e MBI FSS e, IESIBLZ At
AN, g2 b, A4 PSS Wit kIR 5B
WUES 2% ) AR AR A . TRAS 2 L 300 ) ot
LM Rz AR ) ERR PR, FEFRIRIRL T 6G R RE
A S FSS BB E B A% O AR 3

EEXE PR A, AR R A 2 RS BRI
2% (MS-CNN) 71815 gt (i HL AR R (RF) [19-20)
FEMESS Wi B HESE . Hdr, MS-CNNJZ/EH
AR 4% (CNND FE itk bk i ok IR FE 4 ]
BRIBER, BRI AR RSB, E2 AR
JE b6 R AT R AE SR, N RS SR Tl
et =R AL VA RN A R S W N AN e a0 23 L 2 e
BARFHE G . RN, R RS 5T 1 RS
W CRB LIS . ARAEARANE) 5B R N
NG FE, D AFEE G R 75 5K 0 )& A
fifto WbAh, ARSCRASGERIRF B, @diEE
AN RSB 0T HE BRI = AR RN AT EAL R
FEHENE, SCIEE S0 & i B .

1 HIRIRFNA FSS BUE R ITIRIZ

B ER I L Brs, TR RLE
JET MS-CNN [ FSS 18 [ ¥ v fE 3 252 4 By
B DB SRR RE X, HRELFSSY)
HEY, FEE LS EE N E: )mEmiE
R, EVGE0 AR AR, 5INK
B RF H0E, RACRFE SRS, 23R & i &
3)1E [ TN 9 2 A5, R FH MS-CNN %% ) FSS JLAAT
ZH RN SHRBEN G 2 (R HEZR P
SRR, BT IR RE TR A . e S
A, LA MS-CNN IF [a] FR ) 45 25 4K RE o 1) 4 0
i BAE N Wt S PERE VP AR B, S5 R TRERAL
(PSO) #REMSEL, LIFSS KB
1.1 FSSE1E

A A bR 2B 25~33 GHz TE ity . 24k .
WA I FSS B & T . i R R R, ik
3JEIENIATE FSS &5tt, W 2 fizn. H U4
H Gap R~ wiX3MEEYuE, H, ¢ e o
)7 5 B AR TR A S B



51

SR T R BN EA S 2 R AR 28 I 46 (KIS s R T I i 269 -

INBURSR

W 2 T

00 ammns

PSO#.:
WHAFE
ZRABEEN Bttt 25

a7 0 T3 0 HCHEHRE

TARERAL SR W

TIRRCSRS | |

|

L}
1

() ZRHHRE

R T AR G 2 BOWUZ FSS, A JZ 1]
G RN T ML E S SRR, TSR
R ERE, HFORIEE 2K SRR NS AR
IR PE . AL B8 AN ff thetascan, 73 #T AN
) A B2 R B LA R . Be 2%, 7E 15.1~35 GHz i [
W, 0 HIFE TE ARALAT TM B AL R H2H 400 M
12 SREHIEELE

e o R AR 2 1 RE TN 5 3 e AR Ak 1) R A
WS E AN B EFEE B IURERMEL
AL, Rem IR S A . AT N
) RF 5%, Wit S B0 T BUSME 4, AR IE %y
AE B, VR0 R ) R 5 M) ¥ 3 ) v R

(b) FIBIEE S R
K2 3Z2IENUIEFSS 45t

H

g N B
MO

(c) BITREFI R IR

ZH (R, SRMARN B 5 AR BUR S5
t) e TERFETTIE L, ARG PRI B U S B KA
HEEEEIE, OR T OCHE R )RR E A B
s AHMEBURSE, WD AT B RE 22 R X
V) PN ) SR, A i 485 I T VR 8% A 5 08 [ 1
SR T o0 v 255 B S d o
1.3 EFHEMLEHYIE =70

IE [ T 8 4E FSS Wik, 3EF 2 ki L
LB (I Gap %), ALK S S5
LIPS B P NG DR e &k
HPERETR PRI RS, H AR HERG S ILFSS 1 L REAT
Ny NIRRT BEERE VA AR . A SCIE )



.270. jﬁ ,f

¥k

47 %

THE X 2% DL MS-CNN AR A A% O SEH: i N A& 7S 4
JUTSHIAE, BRI (TE/TM) SafiZk.
1.4 ETREZINBERRFNSE ERIT

WA B O BAR S DI B R Ak
i, SaMAFERAESHERTIER, REFHL
B € PERETEAR K FSS 45 . X — I FE4E A& N %%
(P T A 1 A IR IR R e 71, BEAER
YE BT (8] P RIS B AT AT, e IRAR G807 VR AR
MEREK . BRMMFERR. 43 MS-CNN
PRk FH A v 255 ) e e S PR AR, [R5 5 PSO
RV A R REE Ty, 162 4S50 [ 3R 2
BT AR SRS
2 ETFi#sI RFE RN BIERERE

RF S A 24 v 24 5 ANt R 1 2 4 D T
IR, et i AL 1B it s . AR SCHR
H— RO RE, B RS AP 6 S50
RAERRUEEE, AFSS R BETHE B 150k
2.1 R RF ERRIE
2101 AWIRAE e AR AN

A5 B4 0% RF Y 50 48 g ok 72 op (0 % 0
T, FEB PR — A8 2 A REAR I AT A,
< A s ) 1) SR T A B AN L B AN R RE AR
BT 05, H BT 05 P REA B R AE 5
BT — 0, R T P SRR X 5 R 1 ol 4
JTo Sy ZAHEN R B Fe S A Rk, H
T A 27 RIS, B AR RLRRAE
55 S4B

FENT R RbRAE T T, 25 FE 2 FSS 1 HL 1 e
BARE A, 5INEET B 1 5 2
HEo lln, 454 FSS (AL RS, S5 HRLTE br
P HT I o Z4UE T R . B M AT IR AR
D, 5 SUB 2 24 o 5ok
EM_score(D) = > w|S,(d) - §,,(D)] (1)

deD

Horfr, woR BB CE S50 O TPl s M B 1%
W), S, (D) MREASES s R AU, |D
FRFEAEG DINFHATE. AR A, ik
T R A5 12 1 U B B 22 7 i KA R RFAIE XA T
LA ROt 3 24005 AR RE 2 TR 5 &
212 ZAFAER A BREIAE LS

FSS 1) LT 0 N2 A 5 5 2 2 Kby e A FH AR 285
R, WMSREE L, SR EER, FZANSHOER

PR, T 2 A TLAT 2 KA RS 2 2L
Bl AL, ASCHE-HENTAS BEE, RAEE
5 i B0 B ST S K R X (1 A B
X R A 0 R Y 4 B TR
W
I(X; Y)=H(Y) - H(1X,) )
Hv, HY)YN YRS BB, HYX)% € X I Y40
. AT IS R HL R R AR
st T AR X, 55 X 3L R I X Y 145
ISR E S
(XX Y)=HY) - H(XX) O
AR RIS B RS 4 R
A B I S AR RS TR, L
EACHE 1) 5) VP4 R MR IA A
Score(D,f )= a - EM_score( /) + (1 - a) -
1(f;7)+ B3I ff:Y) “)

Hof, NRRHSRE; o AHREFERE (0<o<D),
Y o=1 N RALRSE T M 53R BN HNARE,
T ACEENIZEFSS 4K, 54 Hsant,
WHELEDNO0A, WK B AT 5RAL KL XS (1 7]
AL

SUiE RF DL e S ) 38 o) o5dk Skl 2
PR AR B VP T B, R B IR B R4
NEbR, RS 3R iR o e S5 &
ZUFIEAS BTG B AL S RF 0 24845, FR@ER
FEAE ST ZRER R AR, B st FE T B A0 i L
(243G 55 . B B S P VPG SR 34T ok F
¥, HOHBEAL R Z 5 i AR OE S BUBUR T
BT 48 T RAF SRS AL o
2.2 HUBRSHE
220 AR EMKE

IR ESHNEE R 1 iR, SEUEA
15.1~35 GHz, 4y | 4E TE Al T™M % Fh i 4k 5 20T
B 5B S, #th 42 F 200 A0 g, #E HFSS H idE47 15
B, MIET A 216 HAEA I IR AR 4
222 ATHEETEZMHNZRZHIEEE R

R AE B B AL VR W 3 s . VR T
N RF BR R TIT, ISR A N AN 4E 230 i
i LA AL G REAR, i DN IR S5 T RFAIE B ZE 0P
fhif bl AL s, BRI



1 R T RN AR AR B 5 R R R W28 4 (R R T 271 -
#1 INIRESHIEE BT 3 A0 A BRHCTH BE AL R 22, 5 B SRR AR Sh ST
JIINE S Lt 465 K it HEM, [FR, TFEAZRHES HAh R A R B
R /mm (2.1.25] 02 3 B MBI YE, KEZRHELELE

sk,
Gap/mm [1.1,1.5] 0.2 3 . , .
SEBS HHER. BRI EEEE S HE
v/mm [0.04.0.12] 0.04 3 TEPES TR o B SRS, 753 5 R AIE 1 B 24 B T
f,,, /mm [0.05,0.15] 0.1 2 Yoy, ZHER R RE E R E R B 45 R, NG
¢ /mm [2,2.4] 0.4 2 SRAR KR SRS AR AR HEAZ O R
5 U6 ARIE AL BT DAL 45 B SRR O
hetascan ° 70° °© “ PN WL T A
fhet 10701 70 216 W B, DN ERUBE SRR KT

Jeya eidiING e
(Q Q % @ %}
fLArER&fﬂl‘]r“ﬂﬂ SRS IR A

M&ﬁ%l)\ PEA LA

YIZERFHAL LRI
o AT T B

\
I

i R TS DR A 45 2R

3 RIS ZE PP TV

SE1 RS DS 216 AR
ISR S v S 4, 2 BRI T N4 LTS 2
[Gap. w+ Ry fy~ t.~ thetascan] J X B 15.1~
35 GHz #ilBt TE/TM BURAL T (9 S, #1 4k, Pr A A
ZHE AL B0, 1 X HVEBR ENE R G, 1
VAl R a0 2504

FE2 FENLCKFE S WG, 8 i A el B L
REEAE L DMSIFEARE (BRI XIAE, &R n
H50), ANIGENGS EEREHRE—%, 81
FEARSE SRV BRI, B R E %M.

FWI WS KRG RS 25
AEAZ H VP57 R 4, BE 8 3k EM score #E NI & AL REE
5 S, fE 5 2O, XAE B EAS B3e
SRR AR S BRI R 1) T T R R AAE X D )
A

T4 THWE . B EARE, R
TE AR R TR TG 0 R R R 5, Lnik

FALRE I 5 Eﬁﬂﬂﬁﬁilwibu%ﬁﬁéﬁ
o PR, A L5 B HER AT, ARAER; 1
R0 H Uk = e T%ﬁ/J\llﬂEE%0.0Smm, KA
RIGIEN 94>, XFEREIRBUE 2 A F R, fH T FSS
Ry e N 4, S0 40 B ATE 7 AR 4t 5
Wi, GBI SHCRAE: T USRIk 2
B, W, AR JEUIE T R JE X A A i N R S
/Ny DR R

FBT EHE AP, BHEAT 500085,

3 ETF MS-CNNHIIEEMLZIE

MS-CNN & 7E S BUNIFl & FSS A5 i 5 1) 2 R
FERFAE . FSS 1 FLRzE I S A2 LA 24505 H s AH L
VEF B AE et ot 45 50, FAZ O RRIE R A3 AN RUEE
FEEHT o

D) R RE: ML R Tgi (Gapy w.
R, RERNENRS S E SURE . W Gap H N4
FEOBIRNE WL .

2) hWREE: ZEFSSHZEMEEE (1,0 10
25 B A 1A SR Rt o 2 TR R e R B 1, 3
MRS, FECEAUS .

3) AR RO T 45 ) 1 B Ak R e Y,
KNS (70°) T HIRAEE ETE . 2 RFHIEH 2
ZHPE, N N RGBS v A R A U S
AT AR

PRI AL N ] 4 s, BN S YE LTS
i &#[Gap, w, R, f,» t. thetascan], fithihly
BURAL S, M1 42, TR 46 1) LA 2 5 m) & st il —
MEMEIE, B — AN E 4R A S R A S B IRHIE
. MEKH3E—HER ERSTA3 5. D
WIS Y2 H . T 2 REEGRZ AL B 25U,
i S,, B2k 1 400 A4 f A TR AR -

&



.272. jﬁ ,f

47 %

H =
H i—i
H il
H i
- I
v o
Gap | i
‘ i
w LI |
y ) 1
Rmn He e | H]
t f 7 |
mp U |
t i 2 !
e | A
hetascan I W
- =4
IR !
i
i
i
i

RN

£ £ RBERHERR IR

L RERMHE
E (244—256—512—400),

1 TN T
— —
A P A
(2244¢) T L S 2ehinh
S AT
(400%¢)

il A 5 Ak B

4 pRez g i

3.1 HFEEREN

KH 3 HIFATH ID BRA N, BIRZRT 5
AABS 5.7, BKRBERAT. BN 3x1 B
e R T R BURE, FiliHE B FSS BLough 22 4t
FT 51 2 R LR e 2P SR AR Ak s 5x 1 SRR )
T RERHE, RS —Eul A mmEER,
QB IO SR R R AR TR BB PR e .
s T BN ST I RRFE,  BE A5 LA
JEE AR AR e S PR AR TS, G ad s AT BE Y 1R A
A T NI 2 RS, ML FSS BEAASE 1
Z JO6F R N A4 R R AR . W N B A
X, BiNERZNERIZANK, BREAEE R
RNY, MBRIEERRN

Y, = XK, + b, )

Hrb, b AW E T

B G B B TE 20y ) 9 32, 644 128,
EEHEME, %% Batch Normalization /= 5
ReLU % 5 %7 . Batch Normalization JZ GE 5 X} £ ¥i&
AT — AL TR, (R S0 B VH SR AR B AR 1)
. ReLU WU bR BN 9 9] NAEZ R &R,
SRAR R KRR RE T, A X 40 AN [R]ROBE BRI
3.2 Mo Rz TR

TETE N REERHERR UG, T4 S A7
TERL S S 2R3, B FEERZIRR 2 R
FERHEEAT Pf 4, BERES. R AR RHIE,
TS F &G BENRHER N . BEEn 4 RFY
MALERAE, B 4ERRAE 5K & 40 B 4R R AIE ) &
RIFHEEM 2 RgHE R, b S3E, FRIK
WG IRE. BEJE, FHERERAAZIH 3 248
BB A I, e ERK KN 2564 512,
400, XA Edt— DRl G AR, i i
BAATUERAE, FRMEZ B RER KR, &

ZB AR LR S TR 45 SR 1 400 558, 2R

FEIE AR AR G, % Adam AR 1L 2%, 2]
RYEE N 1107, fi K/ 32, #E4T 2 000 2
x, FEGINFENLGH, BRI IGIEIR R IESE S0 5 R
T RRA 22 1 Sk

TEME MG S FE A, 7 B & Yo e 5 5
L SIZIR N 2 () ) 22 5, AR B34 T i 25 40 O ok B 43
A 2 S BT AN E RS 622, 5] N AT B 2K bR
B R 2R A TR AR N 5 S AT
BN I AE B AR A PRI B 41 % e B R R 0k

N A'+1_Ai it1 i
<%:n—12;%4fy_ylﬁy ©)

H, n R GEE, ACIRANG, §,RRE i
AN ITIIAE , y, RN FLSEfE . ()L R
ST N AR, G IS S P ER AR Y
RAR

4 ETHEMEAIEEIRITSIE]

WA BT S B RAR AN E S BT, A R IR T 1
T 7 BN 10 I ) 0000 DX 28 R Bt . o 3 s
PR, O T S A N IE AR AR, DU H T
e 52, @ 3 (o) v B T e R A e B AE &
B AR 22 R, VRN R TSI RER, A e
MBI Rz, BHXRIER.

AL A TN 2 B AR e TR AR, BARN
“25~33 GHz Sl EX N S21>—1.5 dB. TE/TM XU Ak 5
R 70° NS VERERRE”, 0T R 400 /ML H AR
Sar 2k Hir A2 e L 7S 4E LA 2 504 & [Gap ws
Ry Byt thetascan], %S 34 HFSS )i FL I IE
A R H AR TERE

A R T B R B AR AR LB TE H bR
IR,




TSR A T O R SR1 22 RUBEG B 28 I 268 1A 331 1ok PR TR B e i 273 -

ZHEH

it B SREMASY

........................ ‘
% REETIEE W4

| v |
3 | BT RERALE: |
| R §

~

iz

e

K5 it seliifs

S BEEN. BT R RN A
80; I NIEAIREL T E 200 7 B E o HL
f60.7; %R F e, M, 314,

T2 NI ESHREYIGN . KIEN4E
BN H[Gaps Wy Rys o~ e~ thetascan]7E 3 1
HAE 5 B B AT V5 . RV, AEANRET bl
FLAE AT EA A B x 0y WIHRE FE v 0 78 [-0.1,0.1]56 B
P BEHLAE -

HIE3  ALERWIEERE . VIR, K
ANKLF WG B X BN AR AL B p s W
3TV BRI P T AR S E B . R P&
IS BE fe /N BVRE T, K LA B E A R B A B
g% ICFEHIEMNE fg%).

$E®a EREH. M =0 B AIER K 7=
200, AT ERAE.

XK1, 4 40O E x NSRS N
THEOERN E . fEE MR BN, HAx) S
foH X 5 Ax)<fp!), EHNEEALE, B
pfl=x!, RN A A B PR S N, B Ap =
foly: RZ, H AN, RFEAZE,

B A R A B, R R BN T
FRLE M E N T Ag), WA R s i & s, B
VTR TN E, RS R A RS,
B A )& iR F 3G S s 5 A7 EE P T
INBPRL, AR,

TE 5 AL B ST, R v, T
ERARL T E X . AL E G, X
I B A FEHATAG AT, R VO FE AT R . 4R F
B RIER U =200, HELIE. &RHEMAE
gl BT B ANYESEAE N R .

5 IHRHIESHESR

51 HZENNESHINE

A H AR 25~33 GHzAEX N S, >—1.5 dB.
FR A B 2= S E S A Rl F

H ARy N L RLDOE S BE & 7 LA 85%, SRk
SE W HEREIOCHE: b B e & 5 LUK,
Wi 3@ 7 I R BRI, XHAZ O MERE R A R R
H bR 4B RS & 5 AV 3%~5%, SHEETHIARR ICSE R 5
M), BRI, BCEE w88 FE A DG B B AR S B4
HIBAR, [ HARE AR Kk, € CEABEM
s Hbsilwas, w=1.0 GEBCE, RIeHiftimbs o
BEESIE), IEAREL (20~25 GHz. 33~35GHz), w=
0.5 (R SRR, Hemirrttd; @Ik B br i B
(15.1~20 GHz), w=0.1 (f&ALE, WX EHECEAE
B,

M Y8 AL 2 TG, FSS AL M 2 Bk & H
FIRBETIEE, 1M EM_score #E M@ T &1k S, B2k —
b, BEREOCHK 2 HU A B F 1 e N ) ) B
iR, RS A B IEARS I CEES . &
i/, SR RFAARIAAEG TR, B
Wh TR R ek kK, M2 28 SHR Gt
AEE, PARRHEEZEME TS amtE. T afl
FEIUE, EXH0.4~0.8 ¥ BT LLS2:, LIRS
BRI UEWNE 2 frox, B EE =04, EEWLEE
PEREIRALI o = 0.6 1 NEUE

*=2 2R 7% =g e A o
a 0°MSE 70°MSE R AR R
0.4 2.6 3.0 89%
0.5 2.3 2.7 93%
0.6 2.1 2.4 96%
0.7 24 2.8 92%
0.8 2.7 3.1 88%

KSR 3 EIERNIAEFSS &5k, LS4 a]
TEERERE R W BB RIS, 3 R4
M1 2 BOR 5 5 2 0 0 2 B2 3 T 40%0~60%
T A E oAl 2 RFIE RS BLVEAY, G 2N S
P RME S B R 25 . X T RCEBUE, 7E XA
0.2~0.6 T B0 LS, A8 M S A B8 36 UFE W58 3 B
N, BB [E SE a=0.6, 1% HURS BE 5% = 1) f=0.4 {F R
HUE.



- 274 - W ofE ¥ M 47 %
=3 X BN R A E i iE x5 EEHEAREV=1000) TRE:RIEHRREE
B 0°MSE J0°MSE AR HEBITIIRZE (MSE ) X EE
- R A5 2 HtgE
0.2 24 2.8 89% PR AR5 % Py
0.3 2.3 2.6 92% SO BEHLARMCREE (AR30 22 —
0.4 2.1 2.4 96% LG8 1) RF FE 33 -33.3%
0.5 22 25 95% PISRFE 43 -42.1%
0.6 23 26 94%

52 EREFEEMEBMERIE

W AR Y SRR AME G RF RAEXT LG, VEAN
B RS BE, LA R 2 bR . AR
P SR ) 2 (B RS TN G S 2 RSB R
24, MR 5 ASCE R, SEL AT
MY 84— 5, R AR 8- Ut i S5 i T A% O
T i I A

ok, VPAEOE R, W dtFE HAR. ANE
KAE RIS AE IS 2 H brks B2 (MSE<<2.0) B fir 75
FEABRX IR 4R, KCNTH 1157 A
A, A& 45 RF KBRS 51 KB4 53 75 1 809 £ A1
2967 HFEA . AL T7 VEAE Ik B[R] 55 TR FE 1
RIHR T, 2038 T 36% M 61% i ¥ i &, #
AR IR 980 AT e Ak O B RN U B AN 1
el

T4 TREIRFERIGIEIAZIBARHEE (MSE<2.0)BY

Rt AR ER3TEE
g FIFRFEAR RSS2 LSRR
REFSRH: T b
SO BEHLARMCREE (R3O 1157
B8 1) RF FE 1 809 -36%
BIEIRFE 2967 -61%

FLUR, D988 E [ 52 v ST $ AR 2 4 e 1)
AeJ), JFPRETH IURE, BTA EMIREA R
[ € 91 00040, FER—MHRE BT . e ke
AE (N=1000) A [F) KA 5 0 RSS2 P00 5 2
(MSE) Xf bk 5 fin, RSO iEREEIRERTI
AR, RiRZE (MSE) ~2.2, BFHMTES
RF KAt (3.3) MIERFE (3.8) MG . ERFEA
AR TE AR [F BTG DL, AR SCBERY T i 22 AH AR T
59 50 R FF R BE ML R AE 43 0l B AR T 29 33.3% Al
42.1%.

zi b, Sl RFRFEE XWEMSA, BERELLE D
(2 B B T H b, B BETE B0 & 18 1 L
NI H R R T v AR Y
53 1REUEELIE

0°IF [m) LMl 25 S P 6 pfr . L 6 T, ALY
REMERE A PSS FLRANR Y. (1) CHARFAE . 1) IR S B
TR A B SR, 5 RS R 2R %0
WAE SR EM A 2R WERLE Tl L S R PR RE
PE, S B 2 TR R G U 45 T B AT e R AR Ak A
)RR JE T R4 R, Rl ErEE 6b)H,
R TP 3 20~25 GHZ ARBLN TMHZAL R #2811
BETHRAIE, 1E— B0 UE T HOT 5 0 4H ol ro R g 37 1)
FHEAE 1, 7801 MS-CNN 7E 0° NS/ . XUt Ak
Z6AF TN PSS R B P v RO e

M
=
&
W&
&
#
— TEFi
—-= TES
—— TMFHi
- TMI
5 20 25 30 33
#i%/GHz
(a) 0° %4 |
0 = —
75 -
M
3
&
W& —10
&
R
_15k
— TEF
== TEZH
20} — TM@?\M
—-— TMSE)
15 20 25 30 35
2 /GHz
(b) 0 ° 2% 2

Ko 0°IEmTMEs R



%1

TSR A T O R SR1 22 RUBEG B 28 I 268 1A 331 1ok PR TR B e i - 275 -

70° 1E [ TN &5 SR A0 1 7 Fros . AE RN M1
DR, AENERE RN R, 2L TES TM
Pt i 28 72 e B 3 L REAR AR AL BT O R B AR R A
MS-CNN il it KRB BN 4 R A € i 3 4t
7, UL REFFMERRL S, SEEL T X R 2% HU R
L PR A VREADL 45+ U0 e 28 o o PR I 2L ST 0 2 ) 9 51
M, AROEIR T KL A ZE 57 3 B S )
e, REBURIE R L EOE S S, BT 00375,
HE— P BVIE 7R R AR 98 A 45k v P D A E T
PERE

&4 7 BU/dB
|

-20
— TER
-— TESGH
25 —— TMF
—— TMI
30 15 20 25 30 35

Pi%/GHz
Bl 7 7000 A TR 45 3

H & 7(a) & 7(b) AT LA HH, MS-CNN i@ id 2
REGBRZFEER, BE%IERL FSS 7EA RN
FA T R ELRE I AR, SREI AN JR B A IR AE 24 )
AL A I A L PR HER AT, O SR ) T SR A
T AT EE [ IE [ O S . ISR RE R R AR A Bl n
BISFT/~. HHIEI8 T LLE H, 7EM 4l Zhgh T,
TR CARRMIKB 1 LIR.

— Bk
—— 1%

] ]
0 500 1000 1500
IR

K8 IR R AL 0L

54 XTEESCIRE

AR A SO R AR, et TSR 1R
FHFEEAR S (1 1ISTHFEA . MEIGSETR, X
EeAE 4 CNN (MSEE NS R BRE, RSN 5xD .
NABBRERST 544G GRUOENTEERED . X
BR[25] 1R BT 2% SR 5 AR SO i i O PERE . A
[F] 261 R AN AR PE e X L Uk 6 T o

&6 LLAH, 0°F MSE % CNN F#1K 46%,
BOCHR[25]BEAK T 25%; fERAGHAIX— R =35
T, MBELZE, BCONNFEIKT 53%, BCHR[25]
A T 31%;  [RIBS 38 A S T HIA AR % 514 96%,  BH
ERCTE T WAL TEMAg SR, MR T ARG TR
P22 . SCHR[25 & FC 37 5 A BB I R 00 1) R

PR RAWRY, KRR T IR A
B RB R R REA A SRR, 3 EOTROIIAS B A
S R BT RR AL RUR AL B 2R 5 R AE
KAES S MmERE: BZASH IO T

=6 HEREIE M T A ERE M sEXT L
MR R 0°MSE 70°MSE W deitizbrg YIZRFER/min ERL
f£4i CNN 3.9 5.1 68% 42 Tl & w Z A2
N 3x1 32 45 78% 40 TEIRRFAIE
N 5x1 2.8 3.8 85% 43 TR IR
N 7x1 3.0 3.5 88% 45 EETEEs
3x1+5x1 2.5 3.0 91% 46 VIR 5 VR BRI
2x1+4x1+6x1 3.9 5.3 62% 42 FHE(R S
5x14+7x149x1 23 2.6 93% 71 T
AR 2.1 2.4 96% 48 B AR T
SCHR[25] 2.8 3.5 85% 56 —




- 276 - W fE

i

B

47 %

BRI S, AR R RS, IEARFAHN 62%:;
KIEH G RIS R, (BRI, M.
ARSI T FSS LA N 22 XU HRFAE 1) 42 78 15
BEARAE 1 PRIRS B S HE — 80k, SOP T 1 IR
R, RETYIEERES RGBSR R ILIESE .
5.5 AENEIHSEfH

A H bR ONSEILTE 5 25~33 GHz 1) FSS b %
TF, EERTE25~33 GHz WAL H R EK T-1.5 dB.
SINKETREELVE, 238200 AR, 20 4 HL B AR
WA ZHUA [Gaps we Ry 4,0 t ] FI[2.43,1.21,
0.08,0.11,2.2], #5345 R &0 HFSS ML )7 51 T
BAE M 70° NEATHI 5, 5 HAREATRIEL, it
SRR AR E 9 B

0

f&fi & %udB
|

— TE
_14 } ™
Il 1 1 1
15 20 25 30 35
$i%/GHz
(a) 0° NS A
0
-1.5
-2
—4

'l_'l_"l_‘“
AN S o

fefi & %/dB
|

-20

22

24

—26 —— TE

28} ™

=30 1I5 2IO 25 3I0 3I5

Wi%/GHz
(b) 70° N5t A

9 WIS ASR

HI B9 AT RN, ASCRE R 45 ) 2 B AL S B
VRN T RHER T, SR PRIE T PRI AR 2K
TR ER . [, NIRRT, A

20~28 GHz BHATVZ AL R IGAE, ERZ IV H N 0 R
KT -15dB, %t 284 [Gap. w.
Ry tops tJF1[2.25,1.3,0.09,0.21,2.2], ZALESAE
SR AR W E 10 s .

i % /dB
|

2I5 218 3I0 35
Pi%/GHz
(2) 0° N5t 48

25
B /GHz
(b) 70° NS} #4

FI10 2 A TESOE S AL 0] LA R

xRk, ARSI BRI A, WSl
20~28 GHz N{%E 7 FSS Wit

ARSCIE R O R T R R RO TR SRS, TR
90 s PN AT SEHLE 2 H AR A0 FSS i 8 3R H ¥ it, 5
BRI TR AN B AR G VE R AR T
REEZE M1 MR TAER L ansR 7 Fon . B3R 7
AL AR R ERZE, Wb sios, R R
VT P AR A AR ORI K A B R BT il

=7 GEPSR(S0]-

i FSSOA I g i (R
SCHR[12] 2 3~12  TE. T™™ 0° -3
k[ 14] 3 6~7.5 TE. T™ 0° -2
SCHR[25] 2 53~73 TE. T™M 0° -3
SCHR[13] 3 21~25.5 ™ 0° -1
ARICTT ik 3 25~33  TE. TM  0°~70° -15




%1

TSR A T O R SR1 22 RUBEG B 28 I 268 1A 331 1ok PR TR B e i - 277 -

6 ZERiE

A SRR RS BT IR RGN m
FSS B B3 & it 75 5Kk, 42 il & 2k RF 5 MS-
CNN (1) FSS B RE 10 [ W THHESR, A R W% 5t ik
THS A m BB AR, AT — R R
LR A T A S B I 1 A PR A O R R OR S %,
AR VAE G FSS WA IKIRA U0 . A HOFERT,
A B B A 396 ) A v TR0 s 22K A B AR = 1
) . Ot RF I8 H A P 23 R HE ) 5 22 R AE AE
AL R BE, 1 157 4 FE A RI AT 528 MSE<
2.0, BALGURFEN D> 61% FEA R ; MS-CNN LLZ£
JJE 2 FURZ 3 BURRAE I 25 6 A 2R Bf 1 402 2% bR 4,
0~70° N5 F & R TE/TM SR AL S,, il £& 751 MSE
filk % 2.2, LLMS-CNN N Fil AR 2, 454 PSO,
90 s P4 A %y H G 2 25~33 GHz X S, >-1.5 dB. 0~
T0° N ke . MR E R MRS, &
HFSS {/i B UEIA bR, HABAYLE 20~28 GHz Sl Bt i
e RUF, o 2 M Ab 56 /38 FSS BoH v it 2
BER BRI TT R

S 3K

[1] ¥4, BRE, FHeds, 5 T 6G 1) 2 4y Rl R — ALt 7 45
R[], 515 B AR, 2024, 46(5): 1672-1683.
XulJL,ZhaoJ S, Lu H B, et al. An overview on multi-dimensional ex-
panded integrated sensing and communication for 6G[J]. Journal of
Electronics & Information Technology, 2024, 46(5): 1672-1683.
[2] ARFN, ANEK, W om, 55 25T 2 B R AR i (15 18 2 1) 2R 3T
PITIE. 181524, 2023, 44(10): 13-22.
Zhu'Y G, Sun Y F, Yao F Q, et al. Channel-space endogenous anti-
jamming method based on multi-reconfigurable intelligent surface[J].
Journal on Communications, 2023, 44(10): 13-22.
BRI, RS, NS, 55 SEIERER IR SR FILIR 5 R R ).
PIHAR, 2013, 62(19): 9-18.
Lu G W, Zhang J, Yang J Y, et al. Status and development of frequency
selective surface radome[J]. Acta Physica Sinica, 2013, 62(19): 9-18.
Safavinejad R, Chang H H, Liu L J. Deep reinforcement learning for dy-

3

=

[4

finar}

namic spectrum access: convergence analysis and system design[J].
IEEE Transactions on Wireless Communications, 2024, 23(12): 18888-
18902.

SN, WD, R, 45 . I siAE S A A BOR U E B AR
BETF[I]. JEAE 4, 2022, 43(12): 3-12.

Wu L J, Yang H Q, Cheng Q, et al. Design of amplifying information

[5

=

metasurface for enhancing signal coverage[J]. Journal on Communica-
tions, 2022, 43(12): 3-12.

[6] Fan Y D, Li D, Xing J Q, et al. A trifunctional active frequency selective
surface for 6G shielding applications[J]. IEEE Transactions on Electro-
magnetic Compatibility, 2024, 66(6): 1734-1743.

[7] Liu X M, Xu L, YuJ S, et al. Frequency selective surfaces design for a

dual-channel quasi-optical system[J]. Microwave and Optical Techno-
logy Letters, 2014, 56(10): 2365-2369.

[8] Dai L H, Wang B, Cheng X M, et al. The application of deep learning
technology in integrated circuit design[J]. Energy Informatics, 2024, 7
(1): 77.

[9] Gajbhiye P A, Singh S P, Sharma M K. Hybrid optimization framework
for MIMO antenna design in wearable IoT applications using deep
learning and Bayesian method[J]. Brazilian Journal of Physics, 2024, 55
(1):3.

[10] Goyal P, Kathpal N. Potential of photonic crystal fiber for designing

optical devices for telecommunication networks[J]. Optical and Quan-
tum Electronics, 2023, 56(2): 147.

[11] Gong L, Liu X, Zhou P, et al. Deep learning-based FSS spectral charac-
terization and cross-band migration[J]. Applied Sciences, 2025, 15(7):
4035.

[12] Cong R Q, Liu N, Li X, et al. Design of wideband frequency selective
surface based on the combination of the equivalent circuit model and
deep learning[J]. IEEE Antennas and Wireless Propagation Letters,
2023, 22(9): 2110-2114.

[13] Naseri P, Hum S V. A generative machine learning-based approach for
inverse design of multilayer metasurfaces[J]. IEEE Transactions on An-
tennas and Propagation, 2021, 69(9): 5725-5739.

[14] Zhou Z, Wei Z H, Ren J, et al. Representation learning-driven fully au-
tomated framework for the inverse design of frequency-selective sur-
faces[J]. IEEE Transactions on Microwave Theory and Techniques,
2023, 71(6): 2409-2421.

[15] Pan Y X, Dong J, Wang M, et al. Inverse design of ultra-wideband
transparent frequency selective surface absorbers based on evolutiona-
ry deep learning[J]. Journal of Physics D: Applied Physics, 2023, 56
(41): 415002.

[16] Mahouti P, Belen A, Tari O, et al. Data-driven surrogate-assisted opti-
mization of metamaterial-based filtenna using deep learning[J]. Elec-
tronics, 2023, 12(7): 1584.

[17] Zhang B'Y, Tang J C, Huan Y K, et al. Multi-scale convolutional neu-
ral networks (CNNs) for landslide inventory mapping from remote
sensing imagery and landslide susceptibility mapping (LSM)[J]. Geo-
matics, Natural Hazards and Risk, 2024, 15(1): 2383309.

[18] Said Y, Alassaf Y, Ghodhbani R, et al. Optimized convolutional neural
networks with multi-scale pyramid feature integration for efficient traf-
fic light detection in intelligent transportation systems[J]. Computers,
Materials & Continua, 2025, 82(2): 3005-3018.

[19] Sutrakar V K, K A P, Kesharwani S, et al. A machine learning approach
for design of frequency selective surface based radar absorbing mate-
rial via image prediction[C]//Proceedings of the 2025 6th International
Conference on Control, Communication and Computing (ICCC). Pisca-
taway: IEEE Press, 2025: 1-5.

[20] Golla P, Sairam S, Kumar D S. Design and optimization of double
square FSS for sub 6G applications using ML algorithms[C]//Procee-
dings of the 2024 International Conference on Electrical, Computer
and Energy Technologies (ICECET. Piscataway: IEEE Press, 2024:
1-5.

[21] Kouhalvandi L, Matekovits L. Combinational of surrogate modeling
and particle swarm optimization for improving the electromagnetic per-
formances of a frequency selective surface[J]. Signal, Image and Video
Processing, 2023, 17(4): 1615-1620.

[22] Yang S, Ren J X, Li Z X. Learning of neural networks based on



.278. j@ ,f

47 %

weighted mean squares error function[C]//Proceedings of the 2009 Se-

cond International Symposium on Computational Intelligence and De-

FiESR 2001-), F, JTHKITMA, BHR
KERR AR, FERERT AN ALRBh B

sign. Piscataway: IEEE Press, 2009: 241-244.
[23] Ye A X. Study of the vehicle routing problem with time windows

based on improved particle swarm optimization algorithm[C]//Procee-
dings of the 2011 International Conference on Computer Science and
Service System (CSSS). Piscataway: IEEE Press, 2011: 4053-4057.
[24] Wen C J, Wang L, Ren X J. General particle swarm optimization algo-
rithm[C]//Proceedings of the 2023 IEEE 2nd International Conference

i (2003-), 5, WAL, FEEK

on Electrical Engineering, Big Data and Algorithms (EEBDA). Pisca-

taway: IEEE Press, 2023: 1204-1208. ?"ﬁﬁ +E, Igﬁﬁﬁﬁ ['E] jﬂj(*ﬁﬂ Egi{’t
[25] Zhu E Z, Li E J, Wei Z, et al. Adversarial-network regularized inverse Eéﬁﬂﬂﬂio

design of frequency-selective surface with frequency-temporal deep

learning[J]. IEEE Transactions on Antennas and Propagation, 2022, 70
(10): 9460-9469. ‘ ’ .

(EE BN

EXE (1985-), H, #dt#HEA A, #
+, [ PR T R AT g AR
I, RIS AR R RS B R AR A

EEr-BF (2002-), 5, iR EHAAN, BER
KEEMEA,  FERFFTT RN AL BT

FHFE (1997-), &, W %N, FE
P rE L RORF AU BT B EE AR W,
HAFNRERR G FE A,

£3%% (1982-), 5, WA KEAN, M
KEEF A A, o E 7R TR R 0 AT
FLY, R BEAE T T ) A 4 B R 4 R R
Rk

FRILEE (2002-), F, JTARBIHAN, §
FORE A, BT O R R
=1k,

SREIM (1996-), F, WEFFA, H
+, MR KFEREI IR, EBEFFIT RN
SRPATR R 2805 1 A S I L B

A 988-), F, ILrEEAN, i,
B RUR R IR AR, EEA
Tr YR ReAR AR S R S

#iE (1986-), B, WU KREN, 1#H1,
MRl R, WA, FEMR
F) A e ots i LB S B e U5



