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Fig. 1. (a) Random phase distribution; (b) 3D far-field of random phase; (c) 2D far-field of random phase.
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Fig. 2. (a)-(d) Phase distributions optimized by GA, PSO, PSO-GA, and PSO-SA; (e)-(h) 3D far-field patterns of the optimized
phase distributions; (i)—(1) 2D far-field patterns of the optimized phase distributions.
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Fig. 4. Diagram of CNN model.
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Fig. 5. (a) Leaky ReLU activation function graph; (b) Sigmoid activation function graph.

107802-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 10 (2025) 107802

ft (BatchNorm) FF X5 2 a9 1 rhn ik
ACER, ERFAEAIEIE R 0, 5254 1, bR TR
WA S R 4R v I 4% (1 A% e M, BatehNorm A3
AT B

ip = (5 — PN 02+, (5)
Horb ap EASFIE, 1 102 43 B A /N B
(mini-batch) FJSEFITr 2, e B IEBRZ A5 £
BEJT , XHERAEEEATR/NA 2 x 2 088 2 fck
Ak (max pooling) #AE, FHHFERIR ST 46/NA 16 x
5x 5. I R AR AL O (R) ik RE
I RAE AU 28 [ 2 B, 4R THRRAE 1 B ik,
AT

Yé' = Xz m,j+n)y
J (mrfl%@R( +m.j+n) (6)

Hob, X o ANRAER, Y 3R WAk 5 78 0 &
(i, 7) IS HHARIE. R K/N A 2x 2, X TH AW
HImMFSVE . FEOLE (i, ) A A% Y, B T A
FEAE EIAE X o7 b Ak 7 11 PN ) B KA

5 ZJRB (conv2) WAFERI B Y R 2 32
A AT 3 x 3B, Il i e AR s  RE
P 25 (B RUST, A tB AR BT RS Dy 32 x 2 x 2.
% =R B (conv3) i — M RHIERIBE Y R 2
64 1>, 283t 3 x 3BT M E MRS, FRAE &l
ROPAEH 64 x 1 x 1. SHIUEERZ (convd) H4¢

Dense (128)

Activation:
LeakyReLU @ =

flatten
Add
128 x1x1 H
[ —3
128 x1x 1 128x1x1 O
Conv (3x3, 128) Conv (3x3, 128)
BatchNorm2d BatchNorm2d

(Shortcut connection)

FC1
Activation: ReLU
dropout: 0.4

Activation: ReLU
dropout: 0.4

TEEECEY R 128 /4N, [T 3 x 3 IEFZ, i
FREEI RN 128 x 1 x 1.

3.1.3 FKREMEREE

TEGTHESR BRI Z 5, MZE5IA T 5k
ZH (residual blockl, residual block2), #:1~4% 2
e A B RUZ A, B RZ2 a4 3 x 308
&R, T “BkER % 4% (shortcut connection),
O BR i A\ RFAE B [ EE 27 2 PR AR A, 4 I 2% 1Y) 3R
INBE I Zrlie sk, s 2EH i A A=

Yres = f(W P s FW D) 54y p (DY 4 2Dy g0 (7
Arp, WO R W@ g3 550k A 45 B2 A AL E AR
B, o) T 62D Sy RH I ) AR I, ) SRy k2 B
AR, I B EREEE”, FARHIE (™ S
GRS E G S FARIN, TR REME TR > KRR AR
AL BRI B R AR AR . IR B 24 08
HYRHIE, A S 1 R0 BETH 2 [T, DT i A5
TR AR ARG B
3.1.4  AEEHKAER

2ot BRI 2 P AR U, i i 4
JR R S A IS B, DA R AR 53
1. HEEM G R HAE (flatten) | 4235822 Mk
2, tEl 6 Fis.

Dense (100)

Reshape to
. (10x10)

Phase output
(10x 10)

Convolution layer

Residual block: convolution
+ batch normalization

@ Skip connection
(O Neuron

FC3
Activation: sigmoid

K6 wEREENRER

Fig. 6. Diagram of fully connected layer structure.
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Table 1.  Comparison of the effects of different weight coefficients of the loss function.
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Fig. 7. (a) Loss function diagram; (b) RCS value iteration
curve diagram; (c) results of 100 runs with model.
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Fig. 8. (a) Phase distribution optimized by CNN; (b) 3D far-field patterns after optimizing phase distribution by CNN; (¢) 2D far-

field patterns after optimizing phase distribution by CNN.
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Fig. 9. (a) Optimization effect of various algorithms; (b) running time of various algorithms.
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Fig. 10. (a) Cell diagram; (b) 2 x 2 submatrix.
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Fig. 11. (a)—(d) 3D far-field patterns after phase distribution optimization by PEC, Random, PSO-SA, and CNN, respectively;
(e)—(h) 2D far-field plots after phase distribution optimization by PEC, Random, PSO-SA, and CNN respectively.
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Fig. 12. Incident angles of 30°, 45°, 60°: (a)—(c) 3D far-field patterns of CST full-wave simulation of PEC plates; (d)-(f) phase dis-
tribution optimized by CNN; (g)—(i) 3D far-field patterns of CST full-wave simulation with CNN-optimized phase distribution;
(j)-(1) 2D far-field patterns of CST full-wave simulation with CNN-optimized phase distribution.
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Fig. 13. (a) RCS ws. frequency curve in CST full-wave simulation; (b) bistatic RCS reduction.
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Fig. 15. (a), (b) 1D far-field results for full-wave simulation and measurement of PEC; (c), (d) 1D far-field results for full-wave sim-

ulation and measurement of sample.

FORESALE, AT RLAER A A 2 1 A F 1 RO H L RCS AP, DLSRIEA T kAL
{H. AR, Ao 5 el o T AN R FAHNL AT, SEBE, RCS Wi 77 18 1A SE.

107802-12


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 10 (2025) 107802

Kl 15(a)—(d) JB/x T 1€ 9 GHz SR T, A4f
Ao IE B AS, Bl 423 H] (0°—180°) RCS
B KA ] B AR (R4 XL RCS 4225 () F (EL 4
P ), PEC AR5 TJEHE ) 1D gk, Xt
Lo Tl B S A AR SRR, Tin ek
P EA S S 25 5, Zead CNN AL AL 43 A 3
SEPL TR RO, 7E 6—12 GHz $EBLH, XFREN
SRR RSE )4 B BIHE T 1 52, AED i A2
5% i R 4 A3 T AR R 2l i R 4, B DR 4K
PE O AERR P S SE k. [, S5 R T — 4k T
AR 5 B Y XL RCS V8 45 Fifi A5 2R A8 Ak i 2% 4
K16 TR, 5405 a5 A b, S o e
7.26—10.74 GHz #i Bt Py, v SEEE 10 dB LA E AR
uli RCS Wi, SCE5 R 23 i A REATTS .
T oA AR B2 2 S R T LR, AR
PHAEF- 1 38, SEDU rh Ryl WUR 2610 AR, TS %32
RGT BRI, ASGESE 40 B 451, [FIEF, A
O TOR JEE F0 SE B62 A TR A 1R 25 1 D A
Z—. LGSR G P EAE RRAIE T AT
AR5 A AN S B RGE, RCS W84 i 350k
Sk

—— Simulation dual-site RCS reduction

m 7\, ---- Measured dual-site RCS reduction
T 5y
=
2
ST T S L —
E
el
g
on —15F
6}
~
—20
6 7 8 9 10 11 12
f/GHz

& 16 Bk ROS W4H fif B -5 9E
Fig. 16. Bistatic RCS reduction simulation and measured

values.

6 % W

ARSCHR T —FP T /ANEAR ST CNN 1
B AL AR AT I, TP s S
FEHP A RCS W4h. 1% 2 #IH PSO-SA 5
REWEF B A BUFE AR, IF45 6 B BURAIE £
W, G2l 5 e A, oG B Uk
PR ST REARERAIE, SBT3 1T 1S ol AR e R A
A BRI, SEUAE TRFEAH L, A SO A 2 22
PRBLAE 422 [ R 5 5 Z Y A R, s

[ R WA E A oA B bR, S8 42 ] R s 24 AT K
S BEH T —Fh A X RCS #5126 | A 40 A 43
JFIE A5 2R 1 1A CEBReREL, BT L
BUR R SR 2= T A f2. eI E. &
W 05 LG A SRR W, 2R b O S AL,
M TAR GARACTRE, A D7 LB (%) 3R 1 3k
RCS WA AT T} 26.92%. 75 7.26—10.74 GHz
VLR N SEEL T 10 dB LA LAY B, RCS W45,
SR AR ORI 17.2%. %07 ] g H i RCS
AR K i B R TR T AR I RCR AN & | T BE
B FEAEI L, A B OB R 2 WLl RCS 4 i
REAALI AR AL SR HE AR REOR | s P | s /b
IR A FH AR R

SRRV AR IR BB AT A A PR Rl AL AR 3L
255

Mtk Al

# AL SLRFREEACE

Table Al.  Experimental environment configuration.

vy i A7 8
FRIES Python 3.9
FEZL PyTorch 1.10.0 + CUDA 12.0
CPU Intel Core i9
GPU GeForce RTX 4060 Laptop GPU (8G)
AT 8G
NumPy 1.21.3
Matplotlib 3.9.2
torchvision 0.13.0
Pandas 1.3.3
S 3Lk
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Design of bistatic radar cross section reduction metasurface
. *
based on convolutional neural networks
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Abstract

Radar cross section (RCS), a crucial physical quantity that characterizes the backscattering intensity of
targets under radar illumination, is the primary metric for assessing stealth capabilities. With the development
of radar detection technologies, RCS reduction has become a forefront research topic in radar stealth, aiming to
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minimize target detectability. With the maturity of radar networking technology, the bistatic radar RCS
reduction is becoming increasingly important in future electromagnetic stealth countermeasures compared with
the monostatic radar RCS reduction. Artificial electromagnetic metasurfaces have introduced innovative
technical approaches for realizing the bistatic radar RCS reduction. However, current metasurface designs still
face challenges related to inefficiency and suboptimal performance, mainly due to the time-consuming nature of
large-scale array optimization and the global extremum characteristics of bistatic radar RCS reduction. To
overcome these limitations, this study proposes a few-shot convolutional neural network (CNN)-based approach,
which achieves uniform full-space radar echo scattering by directionally optimizing metasurface phase
distributions, thereby enabling effective bistatic radar RCS reduction. This approach integrates convolutional
feature extraction, residual enhancement, and fully connected optimization modules with a customized loss
function to efficiently capture the complex multidimensional relationships between diffuse reflection phases and
the full-space RCS extrema. Theoretical calculations, full-wave simulations, and experimental tests show that
the metasurface designed with this approach can achieve over 10 dB of Bistatic Radar RCS reduction in a
frequency range from 7.26 GHz to 10.74 GHz. The method also ensures uniform diffuse reflection across the full
space for various incidence angles (30°, 45°, 60°). Compared with traditional optimization algorithms, this
method enhances RCS reduction by 17.2% while significantly improving computational efficiency. This
approach provides a promising new technical paradigm for achieving full-space electromagnetic stealth in

advanced weapon systems.
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