AEZF I THERERE B RCS ST A
B

kALY D Ay FE D RRR YD @Em Ut Fg Y
RV sk

1) (B Tk R 27 K BH BE e ORI FH K ik RS AT Pl b8 B sl =, sl 430068)
2) (HDURFMER S 2 B2 BORERBE, B 430072)

FERS S T 50T, AERA TN 0 3 TR s F) R 2k A 4B o0 T3 2 A % TR I ) A
REZR A 25 3 B B T i 63 TR 78 H AR TR I8 HUR A T vh v H RLACRAR . ARG SR E
A BEAS L B T L, AR SO Y — Aol R B2 2 ST A B B e BT AE 2 . IZAE 2R DA J LT S 8 5 4
RSO N, E A BT SRR S T Tk S A T P RS T . DX 50 A 3 i o
LAY, Ak T SR &K Eh 1) BiGT-Net (BiGRU-Transformer) ZRIB4EHT . %L
KRR AR B DLSESIUR R E (S1) AWIEEMEE, SeRIH BiGRU $HUig 58 4514 i 4
REHIE, 454G Transformer fiFRIEIRAAE, AT FEBAL e 3 S TT IR BRI, 2k B2 Hb S
WANEROAHESH, B S FEARYEAS BE ZOR GG X N ) RCS SRARRS o AZHESE AT MR B A4 8 FH 75 5K
RGP U RS, I HEU SO B 5003 . (EARE RO, M A5 L R i B8 IR AR R
R TE R M TE R, TESE R R B ke & B R O S A A S TR S, AR, X
BONBIIT & 1 SESRI0E. X EEAE IR, ECRIFAH [F) 07 RS FEANBE A A58 T 5% Gt 55 RO VE ML,
AR TTEAMEI v i T T7 T N TTEEAR & 23 Lo 3 5t PR FE SR i) R A, 2 2 52 T 17 A4 Fitl
W, IERMEOAL T ST #E, ARSI T4 18 1, HNAF S FRRIR T4 8 fi. Frik
HH A 7772 908 B8 TR H AR TR IS U AT B P i 5 AR RO HR AL T — M S H AT R R EOR &

YA
%o

KRR TRIAHUNE; MR A; IRESS]: IS RCS TRIIHESL

1



1 5%

66 6% 5 A R LR 5 (1 P BB RS P RE AN R SRR, TE DR TR AR B B P A3 31 7 AL 2 MR . 7
BETF R, AR TS 559 E AR T A UM (Radar Cross Section,RCS) T+ 2 A ¢ T FE R FH )
TR RE TSR B R S U0, SR, 0 E bR RS SO o3 S5 M) R 2 IRV AE R R, WK
JUSF EbRAR B O TH S B AR A R, T AR e 53 45 R 1) B NS A 3] 43 JRUSH A 228 /N T
AEK R, X E ) SR [ S 80T MR LR L UG, R BT R 2 JUE RCS tHAE MR E R R E
IR 5 IR FERR K o

FEME SN, BB ST i MBS S AN B RO S5, T 2 PR A o B A 2
B, BIMAE TR M A2 MM BT, A T3R0S 5 450 S R0R S B0 7 i R B AR R IE
SRR WSS ROEVAR I 5 T IR BRI S8 FLIE 5 A M RS R A2 SR . 1207 VR IR R K
¥ 2% (Scattering Parameters, S-parameters) [t 2% (Reflection Coefficient, Sy;) FliEH R
(Transmission Coefficient, Sop) HEAT i, MIMHESF HEERIIEI 22, #140, Nicolson, Ross il Weir 55 A
Pt NRW Sk o) o BE T LORHe, Wit TR 2ot B8R K5 5 B FIB S B 2%
TR T NRW ZEME R O, Baker-Jarvis J 55 i@ BiEMRACR S FEEN, AR RT NRW
S PR AE ML A 8 (. DA Smith % ) @ HE LA SREB SN E AR RIAX. R,
FONEFH AT B L A AN AR B AR S S8, DTSR B B AR S0 S S H0H R IMTEISHES . 1B
SEMERR R T RS, WEEM B SES MR SHH R BT SRS i
#5 Bruggeman ¥if [l Hashin-Shtrikman (HS) ¥if ) DL 5h#E (Strong Fluctuation Theory,
SFT) [0, Hrh, Bruggeman i&F T JURH S MORMAR 73 BORIE A 1K 5L . HS A8 53 3 i R H B ) 5 1E
P, BeS N B RO U M B Z SRS RMA R, SRS mE L SR R T . JE T
BRI Zhou P. % 2 FEMER A XM T T i8S E A MBS S SN BE S MM X R. Hu
S 081 BB SFT thifukahil, #iS g s RZEHMIEMBEHSE. He 55 U1 42 H 1006 55 450 530

WESHS R R 7T . ST, Joik/2 Bruggeman #it, HS B BRIE M PLNELIL, 7E =L 55054

T JEfE1E#. E-mail: hebokun@hbut.edu.cn  (fA[1HHz)

2B—1F#. E-mail: joyce_zhang@hbut.edu.cn (7K L)
* EKEARRIERS (Be4T: 62301215). PEEFEHFREZ F4FIIE (China Scholarship Council, CSC). )

AR H (Science and Technology Project of Hubei Province 3£4:5: 2022BEC017) , FREAMUR H s5 52

I RS UL T K2 R R s 4 (B354 BSQD2020015) ¥ h iR .
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I R 78 7325 RE FLAR AR AT LRI 2 (RS2, AT D H 8 o A R R 17 AR AR £ PR e

MEAER, VRPES: 2] (Deep Learning, DL) fETH S HUBE A 5 2% S A2 1r) R ot FA08 0388 Wi A9 2050 E. 141, JF
CRRDI R TR m et 0010 LUK SRS HR . ) BRI FU T 1), AR R 2R R 41 75 38 B T 4
Wi U8 SRR R , 3P R T HAE N 2 Dh R RO S R A M L T, S TR LR R
MR A ARLRANE BRSSO 2 5 TR A 5 K AR BE 77, DT BRI H At of 0 63 45 ) S5 R B S B AR S LB
H 7 —AhEE T FNN-INN W IR EE A 2 U5, A RO o T 58T S R0 B T 2 MO DA veoAs FEE T 14
e SRTT, 4 o5 2 PO B PR RE T S8 N B, IR o 2 e o3 S M DR U 2 7 R R SR 1
FEIESRAR B B AL R BARSE BE G B e 2 i 9o R R LB (6. DRIE, O o 22 LU AR A T FA) S5 R T
FEPRAERL, AU 5 3 FRE TN AR R (R B K 5, SE AR HE B A B WA R A 7] S B AR 18 D) 7
TR REIZ O, R 207 M ARG B RS HE] RCS Tl 7¢ 8 s F TRz S o),

PRIE, AR o 2 2 A TR TS AN AR TRl AL, AR SCR 3 1 i U SR 4K BN 1) BiGT-Net (BiGRU-
Transformer) ZEHKM%E o ZAZOHLHNG S EBUBES A B E VPR BL: 5%, I BiGRU fEi#% 5 4544
Bt L2 I DI LT SRR T BRI, (Shy) FIRTIFIBRGS; BEJ5, LA Sy, IEERFEE, FIM Transformer
2 Sk i ST 38 534 SR A B b S AR R0 B s 2 B8 veoRs B3 17 S s 10 98T T 08 g U7 H A
R I IR T N P SRR AR GRS ROERG AN R R D8, A SCHR Y — b IR B2 2 ST Sl B ) e 2K
FRAEZE, JEF PR IR SE 4, IZHE SR AT RAE S5 S AR RCS HUN SRR #4858 O WL H AR A DU 5
TR G B2 R AP B AR ORI, SEBL TR RS B o SIS SRR, #5150
R H AR R2I RCS TS5 R 5 S AT 53 ¥ H AR A R — Sk, RIS oH S R 299820 18 1%, ™
715 FHBEAREY 8 1%, IR KRR 2% B AR PR RCS 73 #r 5 CREBOTHR B T — P s 8T A7 B AR @ 1%

2 MEIHRTEHAH RCS MIELE S 7%

2.1 HIEERE

HI T2 I 2% 5 R BB AT IR, ASCRAISCHR U9 pf Bl SR T 7%, fE3EAT RCS it
2RI T S5 i S 4. A SCH CST studio suite BRI 5 R B AR RIS S/ BidR, 0 HIR3RIX
RER (R R N, SO I S HOF IR Sy, 280, i Visual Basic for application (VBA) JiiA 4
BB E 4SSO S, AR BT 5 20 TR 1(a)(b) Fros, Hb ¢y we r 23508 E
RIZIERL, R R B AN 55 (AL, SR ARSR (9 F 8 B E 2 3 0 0 e A, B g
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Sralm: BdEAR 1 MR S, T I R SR Sy S8 BdRAR 2 WIS SIS T AR AR T AL
i, TN S Vi BB B ESE (I EBEHSF0 WA BRI 07 54
BB,

Absorption

skeleton

air

(a) (b)
L BRI (a) BB ETT; (b) BI5I BIARARAL.

Figure 1. Data acquisition model: (a) Honeycomb unit; (b) Homogeneous dielectric plate model.

i AT RS R SR 1 AR 2. B S NS B E R SR S B (R A Bk
8 e, MUREHS e | WEHRSEHE pl, SREES pl) FLAE vy WA EHMAR 3B v, DLASERUE S (B8R0
HUHH elg MR elp SRR TR pog MR plp)s AXAIAIR 1 ISR 2 FuRo Bl Ja X 3RAG ) e AT 2

PR ACRE, FYEAFAE R EAEFE (Feature Vector Matrix, FVM) [19],

R 1 RSB ZH

Table 1. Parameters of the honeycomb structure model

Parameter | f/GHz & en Mg Hg  7/mm

Range 812 6-12 052 1-3 0.5-1 1-3

Step 0.5 3 0.5 1 0.5 1




® 2 AR SR
Table 2. Parameters of the equivalent homogeneous model

/! " / "
Parameter f/GHz Ele el T T

Range 812 1.7-9.2 0.05-1.55 1-2.7 0.05-0.75

Step 0.1 1 1 0.3 0.1

2.2 WEEEFWRESHAIIRE

W 55 G5 A0 5 R B S BRI A ] 2 R, ARSCRAALAR . R MBI S S S
UL FATRAE N NGEAE, T PRI B A Sy, B8 R MELE] S SEIEIE R —% Si B
PR At 2k, B — ARSI Shy (A2 BURD S SIS TSR, TR T JEER PR B G (Bidirectional
Gated Recurrent Unit, BIGRU) PO i 54k, 58 A0f5 B BA RIRIIE A M. BiGRU 22 —Mi7E
FrifE GRU i B3 RIISR T AN 2%, Bl “Ai 5 & —8 GRU” [RIN0 i ] 5 41347 Mg 25 3
WAE, CLRAARFRBN 22X @i, Hr Ay GRU i A R R

re =0 (W, - [he_y, 24]) (1)
2=0 (W, [hi1,2]) A (2)
Ry = tanh (W), - [r, % he_1, 1)) (3)
he = (1= 2)he_y + 2 * I, (4)

Horb, o NHETF AN, Wi RS, BRESEG AR, 2, WEHIT] (update gate)
MME, RoR 2 KRERE b M AR BT AR, r, AEETT (reset gate) HIMH, 7ELHTIAR TR
RN TSR3 Py SRR, by AT Ry g 53533 2 H I ZURTHT — I 2] B RRGECIRES by IR BRIk S -
Wos W, F Wy, NRUERFE, o F1 tanh HEGERE, HLREXDT:

o) = o)
tanh(x) = Zi _T_ Z:i (6)

o WEE TN IEEIRFIE 0 2 1 200, RiFEHEERESES, E Sn P2 R MR
RAHIHE L, Tanh BT IEA X RER RS ECS Sy Bl AR THEL L A 8T .
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WG 2 5e i S BISERCBRES B IRST, AESEMARE T, W B A SR ) BTSN 2R SR R R
ZHFFAE TR, Transformer i) B EE JIHLH] GE BRI EARE USRI SCALE, B s R ERER
M AAREREYT RS TTRRIX I, PRI AR S5 NFE T Transformer [R5 51 @A I £ 21 o 45 20 r id S H0HAT
T o 2 P2 B RENS A R ST 2 18] R B AR A R DA S AR T R . Bl R
BRI AT Al JFIE R B B2 R RIS RO 2 4. 2 KEE ) (Multi-Head Attention)
M T IRT B R LI FRE RE ) OB A A . AR AL TN S AR I, T R 25 s A
Siy fH, WA B GENS RN SCIE 2RI Z [ AR R & . Bk BE R )JE R REAE B RoR 2 1]
HHREAT AL AR, XE DAAEAN R HL e B B R AR O T RN SGE 2 AN R O 1 pRIX — A AL,
ZRER AR SIS A MALIER Sk, A FRIIER R 72508 o IFAT 5 SR IER R

BARTWI S, 8 NERI AT ML SR R SRAEREAVERERE, R N RFAE B S 3AS [ R R AE
Bl WG, BMNEREIERDNPATATBORBER )1 (Scaled Dot-Product Attention) 5. ¥4, @
HMANFHETEERRE Q. #mE K MEME V. HEEIE5 P 2EdIHE Q 5 KT MAHEUE > 5
HINGBHA T d), BATIH— S, FIEH Softmax PRAIMLFAFE] . 1% 7 B 76 (R REBR AR e M
ARBUMABURFE Ao fea, RERIREE N TEEE V DSCBURHE R, Rk T

) QK]
head; = Attention(Q;, K;, V;) = softmax V; (7)
Vg

oA, B NRRE B e B R M B N = AN Bl R E Q (Query). # & K (Key) fEME V (Value).
TEARSCE X = AR E I 4E Y e N

dq = dk = dv = dmodel =32 (8)

BEAN, DN TR A 72 A AR A, A SCRM 2 SR L, R SRR Sk I head, FERFCYE
FEMATHHE, JREAMHOYE WO SRR A g

MultiHead(Q, K, V) = [head;, head,, ..., head,]W©° (9)

i 2 S U, B RE A AE AN R AR AL T2 (8] op RN SR 2 AN S1y Z ARG SRIRAE S, 9] 4 Ja) A
FRM MURFAE A S 4 R s AR A %, AT R TE R ISR SRS AE AR AR o AR BT 8 SRV R LA
2 RGN R E I R TR I RIA RN Rk, JUE I BAT S AR 5 1) R B U B AT
550 N T VSRR Sy SEITINAERE, RPN R % (mean absolute error, MAE) {E AT i
b, iZAEAR T RTINS RSl (B P 0 22 . FLrh S Syy S HOnk g s R 7 A5 R,
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DNERUE T 10 SO S5 RS B R ITVE A R S0, RSOl LS SR & M4 (CNND 5
B, 1IEPEH 70 (GRU) BRILLR SR U9 04T T, SRERES RN 3 P, Jrd i i Transformer

[ Multi-Head

Attention :
; K
[ U 5 25 S A ] : 5
- - 5
I | o :
, A NN S , S
BiGRUJZ \ Multi-Head y ‘ | %
4 ‘ Attention -‘ Scaled Dot-Product Attention )

. ZkHERT € : |

|

|

1|

(7 Concate : /\

o Y
BiGRUJZ
4 Scaled Dot-Product

A A Attention
. Sale B AL
o B IHLEIINAUREAE
o S BIEMEMS
Bt
o AR SEE
sk

ﬁ
:
~ <
=
@y
" m

Flatten

5 Feed Forward K ﬁ)
v it
€

Dense/Z
Dense/Z

\4

Dense/Z —
P 20 S50 H T 2 BT [ 24 25 1)

Figure 2. Network architecture for equivalent electromagnetic parameter prediction

|

R 3 ERHRES BN R 2 R

Table 3. Comparison of MAE for equivalent electromagnetic parameter prediction

Parameter CNN GRU ik 19 /NS

Eett 0.1471 0.1193  0.0999  0.0866
Eett 0.0957 0.0819 0.0745 0.0694
[l 0.0469 0.0403 0.0364 0.0326

1l 0.0316 0.0287 0.0261  0.0220

TR AE S5 S0 B S HOTONAT 55 P AR T CNNL,GRU BARSCHR U9 )2 450 . AR RR AR 4 32 SR UK
TWATIIH: —J71H, Transformer HFFAT HVER /45 RENS W2 5 M I 23005, Je @ I T A
R BRI E S s 55— T, He A Jmids s L] RE A% 5N RO AR o 2 Ll e R B P A A R SR AR

7



JEy AR A

2.3 RCS fNSEKRHIE
RCS & Hbrla 5 M GE ) B 48 br. H T 3RAE B AR NS RS I BUR a1, HA PR SUE B e
TETEI7 26 A T B N B BTG R 30 1] Bk 5 Il A AR . RCS W H o Fon, HibHE AR TTRRA

Esca |2
>

0247TR2|

B (10)
Sty RSB BT, Fuw ZREOHAIIE, Bue FR AN IS, ROS 224 H btk
7637 DX 35k ) EE R O B, LB R T D Ay H A . SN AT A VR A T

Wl 3TN, AR RCS TRMAEZE £ ZAFE LR YA P IR,

(1) BEREME. B EAFR USSR SR SEEA T @ g 5 g5 s (plan ¢t w. r.
e Al 55), RN Sy %0, WA T M IR Eds 4 .

(2) BIRTACIE . N RS AT AL B, BHEGIRE A S A BRREREEA . NPT
H— A ALEE,  FFHEHL A ERHE AR A 2 I 25 3N

(3) FHSHTN. 2%, LIS M5 PR (B4 HS S HESE) ) BIGRU B
RN, DB SR S,y + R, SEFIABIN Sy SEFIURAS Transformer B2, £
LT B I H e SE R I S R G S A

(4) RCS & RS S EUH TS 2 5 TR A, FEARTE 7 B B S5 1 R
FIESRE R GG RS (PR RS . IRE RM IS E SRR ), M sE B H Ax RCS it

B, AR CST Studio Suite 58 iR #5545 Bt 2.

3 HERE4M

3.1 FHHBMSHIRIEELLRSHIE

N T A SR 5 IR R, I B S MR A i L = A AR MR A AT X L A
X ECHEAAE G S B MR R DT THARAE — € 2 5o IS AR 3 28 R A R B &3 S i AT iR S b
B, WA PR BT IRAE AN R G S BORAT T RTRIIERE . PITb BE A (0 5 4544 2 HUR SR TE M R L 1
SRR 4 Fon, HP LR v R EAR S E V, UURSRFERM BN R e, MG HRESHL
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LSRR AE

TR H e
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HopabriE it

.

E ARSI

i

>

BiGT-Net: 45 2% il 28U I P 4%

FHERBUZ: BiGRU N\
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A y

£ G
E5 LN
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1) {x . Nxa
v Su
BOEHZE: TransformerdE TS, [IFEH A
Adam HH
SERIET R A AL ‘

|
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Figure 3. Overall framework of the proposed RCS prediction workflow

pae HITF Sy ZHREW ARSI FBREBIC M N, JF th S8 R0RHES B — puE, BRI ACCE S FA
R 4 MBI EH RIETEM R LR S AL

Table 4. Electromagnetic parameters of the honeycomb structure and its filling material

FEA r/mm € Ca Mo Mg
FEA 1 3 075 9 05 3 0.5
A2 3 019 12 1 1 1
FEA 3 5 019 12 1 1 1

A SO EE AR Sy SEh 2o S8 RAEAT IS, 188 SYIBEAI 5 Sy il 4 fos.
H1, Honeycomb 75 5 H I H LA HATR CREATERAEHD, HAREE RN FTERRINER
BRI TR R X TREAR 1 ORGS0, A5 sk ) Jr gy e B il (8-12) GHz

BREBE N Sv1 BHER K AR A a3 DA N SR B4 4E, #HEL T GRU (1.48) A1 CNN (1.70), MAE F[& 7T 58%

M 64%. [AIF, S54E4000 HS ik SFT ki, 3 T $os DK 2 i 258 550 1246 RS 15 5 T 2 30 i
B EIRETHEAT (FEAR 2 5FEAR 3), AT EEAIRENS 5 AE i Hh 25 Mg 53 45 MY 75 5 3 S B AT
1 Sy WM LR, B, XFREA 2, ACHERBIN PR RZE (MAE) 4 0.1764, itk HS, CNN

T HIBEAR T 73.6% A1 87.3%; XTHEA 3, MAE N 2.0308, #HLt HS,CNN J7i%70 MK T 16.6% Al

67.4%. HIRFW], RITTEEEWA BRSNS R BESRZ e RERFPE RS2 . M2 R, HS 5 SFT

TIEAE R LA ORI R 78 7375 FE SLAR AT RO B2 (RIS, DRIk e 3 SLAR A AR AR A I, LA R R



S RMZE. AT BRSO RSN, RASOr S S0 M 3R 1 4/ (x-6)=0.30 1EXT

R 5 MR AR E M B SF RS AL

Table 5. Equivalent electromagnetic parameters of honeycomb-coated materials

FEA Jrik; Eeft Eoft o e
SFT 5260 0.201 1.979 0.211
HS 5548 0.223 1.965 0.200
FEA 1
GRU 5800 0.196 2.194 0.329
CNN 5713 0.334 2274 0.207

ik 1) 5.970  0.276  2.060 0.236

This paper 5.964 0.277 2.054 0.237

SFT 1.746  0.010 1.051  0.129
HS 2513 0.093 1.036 0.122
FEA 2
GRU 2,523 0.030 1299  0.196
CNN 2.202  0.152 1.087 0.205

ik 1) 5.659 0.245 2.320 0.181

This paper 2.471 0.074 1.223 0.135

SET 1.745 0.010 1.051 0.129
HS 2,513 0.093 1.036 0.122
HEA 3
GRU 2.844 0.161 1.305 0.164
CNN 2.696 0.209 1.197 0.215

ik 1) 3.218  0.124 1.707  0.204

This paper 2.585 0.081 1.263 0.148

b, WM EE R 5, MAE iRZWE 6/, AP MAE A 0.61, AHECTcik DY 19 0.82, [%
%7 26%.
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- CNN

-20 |- — - - - Reference [19]
— — This paper

S,,(dB)

Sarlr(%plel

=
=] 5 —m—Honeycomb '~ L N '/‘,K,\.\\
= $r_a-ps N P
« — % SFT . o Tt
-10 \
- - -GRU . ‘
| [~ CNN \ /
"2 [—e -Reference [19] .. 7
. ~
14 | —&— This paper . \./
1 1 1
8 9 10 11 12
Sample 2
Frequency(GHz)

~~
Jas)
=
=, e
= —a& - Honeycomb .- V& =
n <
10 F_a - hs “a N
=v— SFT STo.. N\
-12 - m- GRU A S
—m— CNN = !
-14 -—®- Reference [19] N
—&— This paper N\,
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8 9 10 11 12
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K 4: FEAR 1-351 ZEHIIMES LB X L

Figure 4. Comparison between predicted and actual S1; parameters for Samples 1-3
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S,,(dB)

—=&— Honeycomb

-13 - - -@- -Reference[13]

—-A-— This paper

-14 E 1 1 ¥
8 9 10 11 12

Frequency(GHz)

5: SCHR U118y SN S BBt

Figure 5. Comparison between predicted and actual values of the S;; in the literature [

# 6: MAE iR ZXfHhgE 1
Table 6. MAE results

Method MAE
Reference 13! 0.82
This paper 0.61

3.2 EEREBEFMN RCS HHESWIE

FEARWT A, BB T AN BA AR B U R —— P AT~ i — T A —— I i B ot RCS A

JEH —180° F 180°, MFVLHEA (8-12) GHz, X T TgE ST H .

3.2.1 FARER

W 5 v AR A 6T, HORSEA (102 x 114.32) mm, 35 S5 R S8 BREA 2 BHTHCE .
K 6(a) NIEE LA, HATRAR AN MAE THE PR ESHE; Bl 6(b) A T35803 5/ AR,
HAGHE R 5 A LA #AT Xt A

SEARERLLE X BB RCS T ZE R 7H77R, Honeycomb HiZRARFR FLSLME 5 45 M) 1) RCS 454 .
ALV R, ASOTIEEEA X BUN RE B & SO E AR (%, HItL HS. ONN RARSCHR 1)

12



O
) ) ) ) ) )
) ) ) ) ) ) )
() ) ) ) ) 0 )

() (b)

Kl 6: SFHEAL: (a) INEIEE M PEC AR (b) AN RIRE
Figure 6. Flat plate model: (a) Honeycomb-coated PEC plate; (b) Homogeneous Dielectric Coating

IR BAT S R RS L o 207 100 I R B 0 B3 G5 A (R LR IE 5 S8 M RS 8, fRmy 1 S5 RO A
BtE . RN, T IIGRER R T R BN IRAG, A FAL ™ W AT AR, £ R
5 RS R A 2 B B s 22, AT 3 B0 RAOH AT T B

70 PR RCS TN MAE Xt HE
Table 7. MAE Comparison of RCS Prediction for Flat Plate

b7 8 GHz 10 GHz 12 GHz

HS 0.33 0.41 1.37
CNN 0.42 1.00 2.70
Sciik ) 2.76 3.50 4.43
AXFHHE 0.27 0.36 0.81

N T BV AR DR T RE, R T4 T SPARAE 8 GHz. 10 GHz Al 12 GHz =A™t
SR MAE XSGR ATRLE H, AR SO EE =AM IS T R ARIiR 2, BARTERE T4 s
%% ONN, f£41777%: HS VLESCHR U9 (071, BAKIN S, 76 8 GHz B, ASCIER MAE 4 0.27, AHER
T CNN(0.42). HS (0.33) FISCilik 19 (2.76) 735K T 33.8%. 18.2%. 37.1%. 99.1%. 7E 10 GHz K,
MAE J 1.77, M3 AT 64%. 12.2%. 89.8%. fE 12 GHz i, MAE & 0.81, fHETHEHZED
FIBEART 70% 40.9%. 81.8%. LIRZEHPE—ILINIE T ASCHVELE RCS Tl 1A Bt 505

13
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Figure 7. Comparison of single-station RCS prediction results of the flat plate in the (8 - 12) GHz
frequency band from —180° to 180°
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322 —@AER

AR 8Fan, FLRNSEAN (114.32 x 132) mm, JMN 155°, WEE LRI MRS Bu AR A
1 BHATHCE . & 8(a) A THIMIEE SRR, HA A R AT MAE TR ESE; K 8(b) AEET S
RSN BUEAY, a5 A T 5 B S A M kAT X L 347

(a) IR 4514 / Honeycomb-coated structure (b) FERIH2I FilR)Z / Equivalent homogeneous

dielectric coating

8: MMM (a) IREIEELN: (b) FERIIINFURE
Figure 8. Dihedral-angle model: (a) honeycomb-coated structure; (b) equivalent homogeneous dielectric

coating
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Table 8. MAE Comparison of RCS Prediction for Dihedral Angle Model

b7 8 GHz 10 GHz 12 GHz

HS 2.50 4.35 3.12

CNN 1.32 2.78 1.37
ek ) 1.09 1.32 1.33
AXF%E  1.08 1.27 1.30

9 J5LAR I B AR b SRR 1) 07 FL A R A AR TR AR XS LE
Table 9. Comparison of Simulation Performance and Memory Consumption: Original Honeycomb vs.

Equivalent Model

BERRTY NAFIHAE (GB)  IFE (h)

Honeycomb 55.37 4.45

KX & 7.04 0.25
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An Efficient Deep Learning-Assisted Workflow for

RCS Prediction of Coated Honeycomb Structures™
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Control of Energy Storage System, Hubei University of Technology, Wuhan, China)
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Abstract

Aiming at the core challenges in radar cross section (RCS) prediction of broadband honeycomb-
coated targets, including insufficient accuracy of traditional equivalent algorithms, degraded prediction
performance under low duty cycle conditions, high computational costs of electromagnetic simulation, and
the absence of a systematic prediction framework, this paper proposes an efficient deep learning-assisted
RCS prediction framework for honeycomb-coated targets. The framework focuses on the structured net-
work design and staged physical mapping mechanism to achieve a favorable trade-off between prediction
accuracy and computational efficiency. The primary innovation of this work lies in the construction
of a dual-dataset-driven BiGRU-Transformer (BiGT-Net) cascade neural network. In the first stage,

the bidirectional gated recurrent unit (BiGRU) is adopted to extract temporal sequence features, which
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fully explores the broadband electromagnetic frequency response characteristics of honeycomb structures
in the X-band and establishes accurate forward mapping between structural/material parameters and
electromagnetic responses. In the second stage, the multi-head attention mechanism of Transformer is
introduced to precisely capture the electromagnetic resonance and aperture sensitivity characteristics of
honeycomb structures. This method effectively compensates for the defects of conventional inversion
theories (including the NRW inversion method, Bruggeman theory, Hashin-Shtrikman variational theory,
and strong perturbation theory) that ignore aperture electromagnetic response differences, and resolves
the accuracy degradation problem of equivalent electromagnetic parameter inversion for low-duty-cycle
honeycomb structures faced by existing deep learning methods. Furthermore, the proposed framework
exhibits superior flexible adaptability, which can dynamically match diverse RCS solvers according to
practical engineering accuracy requirements. To fully validate the versatility and superiority of the pro-
posed method, comparative RCS prediction experiments are conducted on two typical honeycomb-coated
targets (flat plate and dihedral angle) in the X-band, a widely adopted frequency band for stealth tech-
nology research. Traditional Hashin-Shtrikman (HS) equivalent method, convolutional neural network
(CNN), and state-of-the-art deep learning models are employed for quantitative comparison. Experimen-
tal results demonstrate that the proposed method achieves the lowest average absolute prediction error
for both flat plate and dihedral angle models across all comparison algorithms in the X-band broadband
range. It significantly reduces prediction errors and effectively suppresses prediction deviations under low
duty cycle conditions, delivering superior adaptability and generalization performance for both simple and
complex curved honeycomb-coated targets. Unified hardware-based simulation validation shows that the
predicted results are highly consistent with high-precision full-wave simulation data. Meanwhile, com-
pared with traditional equivalent methods, the proposed framework improves computational efficiency by
approximately 18 times and reduces memory occupancy by 8 times, substantially lowering the computa-
tional overhead and time cost of multi-scale electromagnetic simulation. This work provides a reliable and
extensible technical solution for the rapid electromagnetic characteristic analysis, parameter optimization,

and engineering application of honeycomb-coated stealth structures.

Keywords: Radar Cross Section (RCS), Honeycomb Structures, Deep Learning, Electro-
magnetic Homogenization, RCS Prediction Workflow.
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