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Figure 1 (Color online) (a) The effect of FSS structures with different periods on microwave transmissivity. (b) Schematic diagram of a radar/infrared
compatible stealth unit structure
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Figure 2 Flowchart of the proposed optimization algorithm

BEAER, FEit24 iR g, 45745 5 i B v 1Rl 43 1)
WE K a;€[3545], w,€[3.545], g €[02,4],
I, € [11,13.8], dirh, € [2,4.6], R, € [40,240]. AL HAn
BEE O TE2~40 GHZAUH A BT 228 [k F-10 dB, Jf:
TE L IZ R RERTHE S AT REFR RS BUR . mfRE
(high fidelity, HF){jj EUBAUSR FH N 053 SR m, 28 0 dl
PEERRAE, BOE IR AIRECN 30, Thresholdi S
{E40.01; AR E (low fidelity, LF)/{ BRI jsi /L [ 2
I WIkg, B RKIERIRECR S, ThresholdU sk SI{E
0.02. WHAYHF S5LF{5 B2 ani&l3 R, HpR s St
(6] 53 29 553 5 253 5. WL RAEH R LEREACENL
k120, HEREARBINHBE K24, 7658 80 TE IR %2 11T
PR IS, AN R SRR N TE A TE.
TEZBBLA T, O 2 S5 LLAMNZ R 2 SUZ R
FESEATIROL, AT & 4 TR AR DA R,

22 RGBS IEREIE

T EARRHEER LTS, BRI/ R
BRI NS AMm, [w, wy, wiy, wel=
3, 3, 3, 3.5] mm, [g,,g,,g3.8,] = [3.5,4.5,4.5,4.5] mm,
(1,1, 15,1,]1 =[13.2,12.8,13.5,13] mm, [Airh,, Airh,,
Airhs, Airhy, 1=[3.5, 3.7, 3.7, 2.6] mm, [R;, R,, R3, R4]=
[60, 80, 160, 240] Q/sq. =145 T Fr Bk 5CSTHRY
PRI R B OIS i PERE LA, AT LLA T 5k
REAZARAT T SEAYHE T8 . B = 1 B R WSO A SR /Y

6966

0 .
— LF == HF
! Y,
S N
. /
g | 3 2= -=s ¢
e = A KA IPTLE T A
g |k ¥ 7
820t A L |
O N
kS w £
© 3 M
301 % B
-, L]
£ -
= “
qp—t—
0 4 8 12 16 20 24 28 32 36 40

Frequency(GHz)

Bl 3 (WL R ) IR DR R 2 SR A o TR B RE 25 SR A L ]
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results
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Table 1 Comparison results of the performance for radar absorbing
structures optimized with different algorithms

ik WA B (GHz) S KWIBR(%) DT ELFERT (h)
SUIL=R7N 2.9~36.5 94.15 66
PR 2.7~38.2 96.25 52
AR 2.2~37.5 99.99 11
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Figure 4 (Color online) Performance comparison of the radar absorbing structure before and after integrating the infrared module under different
incident angles and polarizations. (a, b) Reflection coefficient and absorption rate for TE polarization of the basic structure. (c, d) Reflection coefficient
and absorption rate for TM polarization of the basic structure. (e, f) Reflection coefficient and absorption rate for TE polarization after integrating the
infrared module. (g, h) Reflection coefficient and absorption rate for TM polarization after integrating the infrared module
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Figure 5 (Color online) Comparison of surface current distributions at 12.5 GHz before and after loading the IRSL. (al)—(a5) show the current
distributions on each layer of the radar absorbing structure without the IRSL, whereas (b1)—(b5) present those of the radar/infrared compatible stealth

structure with the IRSL
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Figure 6 (Color online) Sample photographs and measurement results of the radar absorbing structure before and after integrating the infrared
module. (a) Photograph of the radar absorbing sample. (b) Photograph of the radar-infrared compatible stealth sample with the integrated infrared
module. (¢) Comparison of measured and simulated RCS reduction of the radar absorbing sample. (d) Comparison of measured and simulated RCS
reduction of the radar-infrared compatible stealth sample. (e) Measured microwave transmittance of the IRSL module. (f) Measured the infrared

emissivity of the radar-infrared compatible stealth sample
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Optimization for radar-infrared compatible stealth structures
with a Kkriging surrogate model
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With the rapid development of modern information technology, battlefield detection has evolved from single-mode to
multi-spectral collaboration, including radar, infrared, and visible light. This progression places higher demands on the
stealth capabilities of military targets. Radar and infrared stealth technologies require fundamentally different
electromagnetic properties due to their distinct detection mechanisms. Existing studies often adopt a design strategy
based on the separation of functional layers. While this approach offers flexibility in parameter tuning, it faces challenges
such as high-dimensional structural parameters and complex electromagnetic coupling effects. Traditional optimization
methods relying on empirical expertise struggle to achieve global performance optima within constrained simulation
budgets. In recent years, machine learning-assisted optimization has emerged as a promising pathway for the automated
design of complex electromagnetic devices. By constructing surrogate models to replace a portion of costly full-wave
simulations, such methods significantly reduce computational overhead during the optimization process. However, when
applied to multi-objective problems, conventional machine learning-assisted approaches still suffer from limitations,
including low sampling efficiency, high model training costs, and slow convergence.

To address the complex electromagnetic optimization challenges posed by multiple design parameters and multiple
performance objectives in modern multispectral compatible stealth technology, this paper adopts an online model-based
machine learning-assisted optimization approach to achieve efficient design of metasurface stealth structures. Firstly, by
introducing a reliable variable-fidelity model for initial sampling, the computational burden of full-wave simulations is
effectively reduced. During the training of the surrogate model, incremental learning or retraining strategies are adaptively
selected to update the model. A co-Kriging surrogate model is used to replace the objective function. The model combines
high-fidelity sampling data with low-fidelity sampling data, ensuring that the acquired sampling data saves simulation time
while remaining within the accuracy range, alleviating the growth in training costs caused by increased design dimensions.
In addition, by combining a hybrid strategy for global multi-objective optimization, the algorithm’s convergence
performance in complex solution spaces is further enhanced. Based on the above methodology, we successfully designed
and fabricated a composite metasurface with radar-infrared compatible stealth. This structure adopts an integrated
architecture of an infrared low-emissivity layer and a radar-absorbing layer. By printing high-resistance carbon paste
patterns on the surface of the functional layers and optimizing their dimensions, the metasurface for radar can achieve over
90% broadband high-efficiency absorption from 2.2-37.5 GHz frequency band, while the metasurface for radar/infrared
compatible stealth can achieve over 90% broadband high-efficiency absorption from 2.8 GHz to 20 GHz. At last, a
metasurface for radar/infrared compatible stealth was designed and fabricated. The proposed structure achieves a 10 dB
RCS reduction over the frequency range of 2.8-20 GHz, while maintaining an average infrared emissivity of 0.25 in the 3—
14 um wavelength band. It thus exhibits excellent broadband radar absorption and low infrared detectability. The presented
approach offers a reliable and efficient solution for the structural design of multispectral stealth materials.

machine learning, multi-objective optimization, radar-infrared compatible stealth, metasurface
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