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HIGHLIGHTS

® A chaotic paradigm combined with a multi-scale strategy is proposed for radar-IR Bi-stealth based on a single-layer indium tin oxide

metasurface.
e The metadevice achieves >10 dB RCS reduction (8—18 GHz, <45°), low IR emissivity (<0.3), and high optical transmittance (71.2%).

® The design features ultrathin profile (3.35 mm), lightweight, optical transparency, and facile fabrication for scalable applications.

ABSTRACT The rapid development of multispectral detection technology urgently
requires the simultaneous suppression of microwave and infrared (IR) signatures.

However, conventional strategies suffer from limited functional integration, complex
structures, and poor scalability in achieving synergistic control of radar cross sec- Visible
tion (RCS) and IR radiation characteristics. Herein, we propose a chaotic paradigm :
combined with a multi-scale strategy to address radar-IR-optical multispectral stealth
by using a single-layer coding indium tin oxide (ITO) platform. This architecture

covers millimeter-scale representative elements, centimeter-scale phase-coded subar- Microwave

rays, and decimeter-scale meta-arrays, with a direct correlation established between

chaotic initial conditions and microwave/IR responses theoretically. Specifically, chaotic coding, a deterministic pseudo-random coding
method, is adopted to construct a meta-array inspired by sensitivity of chaotic systems to initial conditions. Tuning chaotic initial param-
eters enables controllable spatial IR emissivity modulation while preserving broadband intrinsic microwave diffusion due to the multi-
wavevector mechanism. For verification, a proof-of-concept metadevice is fabricated, and experimental results manifested a broadband
RCS reduction over 10 dB within X/Ku bands (8 ~ 18 GHz) for incident angles up to 45°, with a low IR emissivity below 0.3 and a high
optical transmittance of 71.2%. Featuring ultrathin profile (3.35 mm, ~0.09 A; ), light weight, optical transparency, and facile fabrication,

our strategy offers a promising avenue for multi-scale multispectral stealth applications.
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1 Introduction

The rapid evolution of multispectral fusion detection sys-
tems has rendered conventional single-band stealth technolo-
gies obsolete, particularly in surveillance and reconnaissance
systems that integrate both radar and infrared (IR) sensing
capabilities. Traditional stealth approaches typically suffer
from three fundamental limitations. First, the significant
wavelength disparity between the microwave (centimeter-
scale) and IR (micrometer-scale) regimes necessitates multi-
order structural scaling, leading to inherent conflicts in geo-
metric compatibility and design integration [1-3]. Second,
the intrinsic contradiction between stealth mechanisms of
microwave and IR domains poses a significant challenge in
achieving radar-IR bi-stealth. Third, conventional multilayer
architectures for multispectral control typically demand sub-
micrometer alignment accuracy, posing serious fabrication
and scalability barriers for industrial mass production [4].
Currently, radar-IR bi-stealth technologies primarily rely
on two methods: functional integration through compos-
ite materials [5-9] and multilayer metasurface architecture
[10-15]. Although various functional composite materi-
als including magnetic composite aerogels [5, 6], coatings
[7], and polymer foams [8] have been widely developed for
radar-infrared compatible camouflage, they were restricted
to some extent by inherent poor visible-light transmittance
in practical applications. Consequently, the development and
in-depth research of novel multispectral stealth technologies
with transparency are urgently demanded to address the cur-
rent dilemmas.

Metasurfaces, as planar counterparts of metamaterials,
offer significant advantages including low profile, ease
of fabrication, and excellent electromagnetic (EM) wave
manipulation capability due to their subwavelength feature
[16-21]. Leveraging their excellent capability to manipu-
late amplitude, phase, and polarization of EM waves,
metasurfaces have demonstrated revolutionary potential in
stealth applications, encompassing microwave radar stealth
[22-32], IR camouflage [33-36], and multispectral compat-
ible stealth [37—48]. In general, two physical mechanisms
involved amplitude control [22-25] and phase manipulation
[26-32] are mainly utilized in radar stealth. In former case,
a classic multispectral stealth strategy relies on a multilayer
configuration, in which an IR shielding layer is overlaid on
top of a microwave absorbing layer. Moreover, realizing

© The authors

broadband microwave stealth often necessitates thick mul-
tilayer absorption, which requires additional optimizations
[49]. For phase avenue, scattering suppression provides
an effective alternative by preventing heat accumulation
induced by multilayer absorption, thereby achieving both
wideband RCS reduction and low IR emissivity within a
single-layer reflective architecture [50, 51]. However, tradi-
tional phase-control strategies represented by checkerboard
generate regular phase distributions and thus hardly simul-
taneously meet the requirement for emissivity control in IR
band [51]. Most importantly, multi-band compatible stealth
applications demand integrated EM response across vastly
different wavelength regimes, which remains fundamen-
tally challenging by using low-profile designs due to cross-
scale dimensional constraints. Overcoming this bottleneck
requires a novel paradigm via innovative multi-scale designs
[23], which circumvents inherent drawbacks of multilayer
designs, such as interlayer alignment deviation, interfacial
EM loss, and complicated manufacturing procedures. Con-
sequently, developing a multi-scale design methodology and
establishing a modulation mechanism linking microwave
and IR responses have emerged as key challenges for trans-
parent bi-stealth metasurface devices.

To address above challenges, here we propose a chaotic
paradigm and multi-scale strategy to enable microwave-IR bi-
stealth by simultaneous modulation of microwave amplitude,
phase, and IR emissivity within irregular subarrays determined
by chaotic initial parameters. Therefore, the core contribution
of this work lies in synergistic innovation at both the system-
integration level and design-methodology advance, rather than
a new single-band stealth mechanism. Unlike conventional
phase-coding metasurfaces composed of identical elements,
our multispectral stealth architecture synergistically integrates
scale coding (different-sized unit cells) and phase coding
(representative elements) to address multi-scale compatibil-
ity challenges (Fig. 1). In this multi-scale strategy, the single
ITO platform simultaneously synergizes microwave amplitude
and phase engineering, while enables IR emissivity tuning via
filling-ratio modulation. Building on this concept, we theoreti-
cally establish direct correspondence between chaotic initial
conditions and resulting microwave and IR responses by intro-
ducing a deterministic 1-bit coding paradigm (“0” and “1”
representative elements). Therein, a scaling factor a, defined
as the proportion of “0” elements with emissivity ¢, to entire
metasurface, was utilized to directly link achievable microwave

https://doi.org/10.1007/s40820-026-02294-6
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Fig. 1 Conceptual illustration of the multi-scale metasurface design for multispectral compatible stealth, integrating microwave scattering sup-
pression and low IR emissivity. a Multi-scale design concept integrates a hierarchical architecture featuring millimeter-scale representative ele-
ments, centimeter-scale phase-coding subarrays, and decimeter-scale global array configurations. The schematic depicts representative elements
of “0” and “1” consisting of different-sized (multi-scale) N, X N; unit cell I and N, X N, unit cell II, respectively. b Microwave RCS and IR emis-
sivity as a function of the proportion a. ¢ Schematic view of a representative element

RCS bounds and IR emissivity. As illustrated in Fig. 1b, both
microwave RCS and IR emissivity can be expressed explicitly
as a function of a which enables predictable trade-offs between
them without resorting to multi-objective global optimization.
A chaotic algorithm was adopted to design a and thus finally
determined the multi-scale integrated bi-stealth metadevice,
facilitating concurrent microwave RCS reduction and low
IR emissivity while maintaining optical transparency. Such
a chaotic paradigm offers a new avenue for efficient design of
multispectral stealth devices.

2 Design of Representative Elements
To achieve multispectral compatible stealth, a multi-scale

coding metasurface strategy is proposed in Fig. la. First,
millimeter-scale representative elements with the same

SHANGHAI JIAO TONG UNIVERSITY PRESS

period of p are divided into N X N subwavelength identical
micrometer-scale unit cells. Next, considering an optimal
trade-off among phase-control range and inter-element EM
coupling, a 3 X3 subarray is constructed to realize micro-
wave RCS manipulation at centimeter scale, where the "0"
and "1" elements, respectively, encompass (3N 1)2 and (3»N2)2
different-sized unit cells. Ultimately, at decimeter-scale sys-
tem level, chaotic algorithm generates coding matrices for
pseudo-random metasurface layouts, leveraging the aperi-
odic characteristics to broaden RCS reduction bandwidth. In
addition, proportion « is introduced to enable simultaneous
control of IR emissivity and microwave RCS.

Different from traditional unit cell-based design, we adopt
a multi-scale design paradigm to investigate the character-
istics of representative elements. As shown in Fig. 1c, a
sandwiched ITO-PVC-ITO element is proposed to achieve
cost-effective, lightweight, and optically transparent devices.

@ Springer
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To characterize the optical performance of ITO films, opti-
cal spectra of representative samples with different sheet
resistance and film thicknesses are illustrated in Fig. 2a, b,
with detailed parameters listed in Table S1. The experimen-
tal results indicate that sheet resistance and film thickness
are inversely correlated. Conversely, a higher sheet resist-
ance gives rise to degraded IR camouflage performance, as
depicted in Figs. S1 and S2. Considering the trade-off among
microwave, optical transparency, and IR stealth properties,
a 185 nm-thick ITO film with a sheet resistance of R, =6 Q
sq~! was ultimately selected as top and bottom layer. For
optical transparency, a 3 mm-thick PVC film (¢,=2.45 and
tand =0.012) is chosen as middle substrate, which exhibits a
measured transmittance of 90.9% (Fig. 2¢). Benefiting from
the application of ITO thin films and PVC substrates, the
metadevice simultaneously achieves optical transparency
and mechanical flexibility, demonstrating promising poten-
tial for flexible coating applications.

For multi-scale control, the top layer of each representa-
tive element is composed of N X N periodic ITO square
patches (Fig. 1). Considering manufacturing accuracy and
design convenience, the gap between adjacent patches is
fixed at g,=0.1 mm. Consequently, the width w, of each unit
cell is solely determined by N according to (w,+g,) X N=p.
Figure 2d depicts w, and the ITO filling-ratio firg as a func-
tion of N when p=12 mm, see Table S2 for more details.
Although the representative element exhibits a discrete
structure macroscopically, ITO behaves as a continuous
material with a thickness of 185 nm at the mesoscopic level
(Fig. S2). Since ITO patches are patterned on a 175 pm-thick
polyethylene terephthalate (PET) substrate, the total IR
emissivity can be calculated as €,,,,; = €;70f170 + €pprfrer
where €;70=0.1 and epgp=0.9 denote the IR emissivity
of ITO and PET, respectively, and fipq and fppr represent
filling ratios with fiq+fpgr=1. As shown in Fig. 2d, £,,,
increases monotonically with N due to the decreased firq
when g, is fixed. Therefore, to obtain a lower IR emissivity,
it is necessary to enlarge the ITO patch area with a smaller
N. To further verify IR characteristics of representative ele-
ments with different N, four samples (N=1, 3, 10, and 15)
with the same size of 36 X 36 mm?” were fabricated and char-
acterized using an IR spectrometer and a thermal imager
(Fig. S1). Correspondingly, the apparent temperature in
Fig. 2e also rises with increasing N. These results confirm
that larger N leads to higher IR emissivity, thereby degrading
the IR camouflage performance.

© The authors

For phase-controlled metasurfaces, high reflectivity of the
representative element is crucial to microwave performance.
Figure 2f illustrates simulated microwave reflectivity as a
function of PVC thickness /# and operating frequency. The
calculated thickness-to-bandwidth ratios at various thick-
nesses with N=3 are 0.43, 0.37, 0.41, and 0.46, respectively,
where the bandwidth is defined as the frequency range with a
reflection coefficient exceeding 0.9. Based on above analysis,
h=3 mm is selected as the optimal thickness with mini-
mum thickness-to-bandwidth ratio in Fig. 2f. Increasing &
not only enhances reflection amplitude |71, but also expands
the spectral range where |I'l exceeds 0.9, see Fig. 2g, h. This
is attributed to the resonance frequency of representative ele-
ment shifts to lower frequencies by increasing /#, which dem-
onstrates an enlarged scattering bandwidth. Furthermore,
it exhibits polarization insensitivity due to square-patch’s
inherent fourfold rotational symmetry (Fig. S3).

Further investigation of reflection amplitude and phase
characteristics reveals critical insights into the design mech-
anism (Fig. 3). As illustrated in Fig. 3a, under y-polarized
illumination, oscillating surface currents are induced along
electric field direction on the square ITO patch, with the
current density primarily concentrated in central region.
The time-varying currents generate a circulating magnetic
field around the patch, establishing an equivalent induct-
ance (Fig. S4). Simultaneously, strong electric fields are
concentrated at two ends of the square patch, constituting
an equivalent capacitance (Fig. 3b). Figure 3c illustrates
II'l and phase ¢ variations at 10 GHz as N increases from
3 to 31. ¢ increases significantly with N at the beginning,
while both the phase and amplitude gradually stabilize at
higher N due to reduced dimensional sensitivity. For cod-
ing metasurface, the representative "0" and "1" elements
are required to exhibit amplitudes above 0.9 and a relative
phase difference of 180°. Two representative cases (N1=3
and N, =15) are therefore selected for detailed analysis. To
further study the influence of N on reflection amplitude, a
theoretical analysis based on transmission-line theory is per-
formed by establishing a simplified equivalent circuit model
(ECM), see Fig. 3d. Here, the ITO patch film is modeled
by a series RLC circuit, where the equivalent resistance is
calculated as Ry =R-S,,,;, / S, with S,,,;, and S, represent-
ing the total area of representative element and the effective
area of ITO square patches, respectively. Then, the reflection
coefficient I" can be derived from I'=(Z;, - Z,) / (Z;,+Zo)

https://doi.org/10.1007/s40820-026-02294-6
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Fig. 2 Design and characteristics of the representative element in the optical, IR, and microwave bands. a Thickness of the ITO films and the
corresponding measured optical transmittance as functions of sheet resistance. b Simulated optical transmittance under different sheet resistance.
¢ Measured optical transmittance of PVC. d Calculated IR emissivity of representative elements with different N. e Thermal IR images of four
representative samples with N=1, 3, 10, and 15. Simulated microwave reflectivity of representative elements with f different 42 for N=3 and N

ranging from 3 to 21 for g =2 mm and h 3 mm under y-polarization

with its phase ¢ =arg(I). Here, Z,, = Ri + j(@L1) —j(@C1)~!
indicates equivalent input impedance of representative ele-
ment, and Zy =377 Q is free-space impedance. Furthermore,
the relationship between stealth performance and surface
impedance is governed by Z;, via equivalent circuit model.
Therefore, tailoring the geometric parameter N of represent-
ative elements allows for direct modification of its circuit
parameters. This variation, in turn, alters its input imped-
ance Z;;,, which ultimately determines the reflection magni-
tude |7 and phase ¢. The equivalent circuit parameters were
retrieved for different N according to the empirical formula
[52] (see Derivation of the ECM in Supporting Information).

SHANGHAI JIAO TONG UNIVERSITY PRESS

For verification, Fig. 3e compares theoretical results based
on idealized ECM with full-wave simulations for Ni=3
(C1=0.216 pF, L1=1.806 pH, and R: =6 Q), where good
agreement is observed with minor deviations at lower fre-
quencies primarily due to neglected mutual coupling effects
in ECM.

Figure 3f further illustrates S;; as a function of fre-
quency at various incident angles under y-polarization. It
is evident that S;; remains nearly constant above 10 GHz
and consistently stays above 0.9 when N, =3. Noted that
resonance effects cause a decrease in reflection amplitude
with increased incident angles near 8 GHz. Therefore, to

@ Springer
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minimize the impact, it is necessary to ensure the resonant
frequency is far away from the operating band. As illus-
trated in Fig. 3g, h, the representative element with N, =15
maintains high reflectivity across incident angles up to 45°,
demonstrating its angular stability.

3 Results and Discussion
3.1 Design of Chaotic Coding Metasurface

The far-field scattering pattern of a metasurface is governed
by the Fourier transform of its reflection-coefficient distri-
bution r(x,y) = ¢/®¥ [31]. Therefore, we need to select
such a ¢(x, y) distribution that can make scattering pattern
as uniform as possible to achieve the best wave-diffusion

© The authors

performance. Here, the reflection-coefficient distribution
r(x,y) is modeled as a two-dimensional wide-sense station-
ary stochastic process. Based on Wiener—Khinchin theorem,
the Fourier transform of its spatial autocorrelation function
R(x,y) is proportional to far-field scattering pattern. Uni-
form far-field scattering requires a spatially isotropic and
sharply peaked R(x,y) (ideally a delta function), implying
that the reflection coefficient is spatially uncorrelated. The
distribution of scattered wavevectors is governed by the spa-
tial architecture of coding metasurfaces. By their intrinsic
nature, chaotic coding sequences possess such delta-like
autocorrelation and spatially uncorrelated characteristics,
thus enabling the distribution of scattered wavevectors to
be highly uniform and stochastic.

https://doi.org/10.1007/s40820-026-02294-6
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Conventional coding metasurfaces with checkerboard
configurations inherently suffer from a fixed filling ratio of
50% in standard binary case, which severely constrains their
adaptability for IR stealth applications. To overcome this
limitation, a deterministic chaotic algorithm is proposed to
generate coding patterns. Leveraging the initial-condition
sensitivity of nonlinear chaotic systems, it effectively gener-
ates deterministic pseudo-random sequences. By varying the
initial parameters, the algorithm produces diverse pseudo-
random distributions that enable deterministic control over
both spatial and spectral characteristics. As depicted in
Fig. 4a, the design procedure mainly consists of four main
steps. Firstly, an appropriate chaotic model is selected as the
core dynamic system. Here, the Lorentz model, one of the
most representative chaotic systems, is employed for chaotic
coding. The specific equations are expressed as

de —

y = o-(my —-m,)
mV

jtv = pm, — my - mm, (1)
mZ

o = mamy — pm,

Initialize Chaotic model
Lorenz model

Initial values
(xOs ,Vo, zﬂ)

Chaos mapping
Scale/Phase coding

Complete the design

where o is the Prandtl’s constant, p is the Rayleigh’s con-
stant, and f is the directional ratio. The typical parameter
set (6=10, f=28/3, and p=28) leads to a well-known cha-
otic regime in the Lorentz system. Secondly, the initial
conditions (myg, my, m,,) need to be determined. Thirdly,
by numerically integrating Eq. (1) over Nmax iterations
with a time step of Ar=0.01 s, a series of chaotic states
is generated. The mean values of these states, defined as
¢m=(my+my+m,) /3, are then mapped to binary codes
“0” and “1,” corresponding to reflection phases of 0 and
w, respectively. Finally, these binary phase codes are spa-
tially arranged to form meta-array, completing chaotic cod-
ing metasurface. Moreover, the metasurface configuration
is uniquely determined once initial values are established,
thereby significantly reducing design complexity and com-
putation time.

The proposed chaotic coding metasurface overcomes
the inherent limitations of conventional checkerboard-
patterned designs by introducing tunable IR emissivity
through initial-condition sensitivity. According to the
numerical homogenization method, the overall IR emissiv-
ity is jointly determined by the macroscopic arrangement
and microstructural features. Therefore, the equivalent

Etotal

0.25

o Frequency (GHz)

Fig. 4 Chaotic coding algorithm for the radar-IR bi-stealth metasurface design. a Design flowchart of the chaotic coding algorithm based on the
Lorenz model, where binary coding is utilized to arrange reflection phases correlated with different spatial scales. Theoretical IR characteristics
of the chaotic coding metasurface with different initial values: b scaling factor a for m,y=1 and ¢ &, under varying initial values. Theoretical
microwave characteristics of chaotic coding metasurface: d relationship among RCS, a, and phase difference Ag; e phase difference spectrum

Ag of two representative elements
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emissivity can be expressed as the average emissivity of
all representative elements. For a binary coding metas-
urface, the scaling factor a denotes the proportion of "0"
element, and the total emissivity of the metasurface &, is
calculated ase,,,,; = €,a + £,(1 — a), where &, and ¢, rep-
resent the emissivity of "0" (N, =3) and "1" (N, =15) ele-
ments, respectively, whose theoretical values are £, =0.14
and &,=0.30. Noted that above equivalent IR emissivity
obtained by linear weighting of isolated samples affords a
simplified engineering approximation due to thermal dif-
fusion and near-field radiative heat transfer. Nevertheless,
our approximation is reasonable for design since randomly
distributed chaotic coding pattern further suppresses local-
ized temperature gradients. Following the chaotic coding
design, the IR emissivity and the scaling factor a with var-
ying initial conditions are investigated in Fig. 4b. Specifi-
cally, theoretical analysis with a fixed m,,=1 reveals sig-
nificant variations in a (0.34 ~0.65) under different (m,,
my) values. To further examine IR emissivity range of this
method, Fig. 4c presents calculated ¢, for 300 distinct
initial conditions with m,,=1, 2, and 3. As expected, €,
varies significantly across different initial values, confirm-
ing the strong sensitivity of the chaotic coding metasurface
to its initial state. As illustrated in Fig. 4c, the maximum
emissivity reaches 0.25 (¢ =0.296), while the minimum
emissivity is 0.19 (¢ =0.703), demonstrating the tunable
IR performance of the design.

For microwave performance, the backward RCS reduc-
tion o, of a binary coding metasurface can be calculated
as:

o, = 10log [aAlej"’l +(1- a)Azef¢2]2 )

where A, and A, represent reflection amplitudes of repre-
sentative elements "0" and "1," respectively, and ¢, and ¢,
are corresponding reflection phases. When A;=A4,=0.9,
N, =3, and N, =15, RCS is mainly determined by a and
the phase difference (Ap =@,—,), see Fig. 4d. To obtain
an RCS below — 10 dB, the widest phase difference range
occurs at a=0.5, satisfying 140° < Ap <222°, which aligns
with the phase cancelation condition in checkerboard
metasurfaces. Furthermore, the allowable phase difference
becomes more stringent as the ratio disparity increases; for
instance, phase difference must satisfy 158° < Ag <204° to
achieve an RCS reduction of 8§ dB at «=0.3 or 0.7. Simi-
larly, when Ag =180°, the maximum allowable ratio differ-
ence corresponds to a range of 0.33 <@ <0.68 for achiev-
ing a 10 dB RCS reduction. Figure 4e further illustrates

© The authors

the frequency-dependent variation of phase difference for
representative elements "0" and "1." The theoretical require-
ments are well satisfied within 7.4 ~17.1 GHz, confirming
broadband RCS reduction capability across a wide frequency
range. To illustrate the intrinsically scattering characteris-
tics of this method, we compare the spatial autocorrela-
tion properties of chaotic coding with that of conventional
checkerboard coding method. As shown in Fig. S5, the cha-
otic coding metasurface achieves a completely random and
uncorrelated phase distribution, thereby generating a highly
uniform far-field scattering pattern. Fig. S6 further illus-
trates the phase distributions and corresponding theoretical
scattering patterns of 2-bit and 3-bit coding metasurfaces,
confirming that the approach is readily scalable beyond the
binary coding scheme (Supplementary Text S1).

Based on aforementioned design principles, we
designed a chaotic coding metasurface with an initial
condition of (1, 1, 1) and 8 X 8 subarrays, as depicted in
Fig. 5a. Different from traditional random encoding, the
Lorenz chaotic system can generate ordered and controlla-
ble chaotic sequences to achieve uniform diffusive scatter-
ing. To verify the superiority of our strategy, comparative
simulations were conducted against an equal-sized metal
plane and a conventional checkerboard metasurface. Their
corresponding far-field scattering patterns at 8 and 12 GHz
are presented in Fig. 5a. Remarkably, the proposed cha-
otic coding metasurface achieves omnidirectional diffusive
scattering, which effectively suppresses RCS to 4.93 dB
via non-periodic random phase distribution introduced by
chaotic paradigm. Notably, the far-field scattering patterns
are polarization-independent at normal incidence.

To verify the generality and robustness of our strategy,
several metasurfaces with distinct initial values including (1,
1,1),(3,1,1),and (5, 1, 1) were designed and numerically
compared with metasurfaces optimized using SA, GA, and
PSO algorithms according to the following targeted function
(Fig. 5b-g).

i RCSGEX) | Smo)

- 2 g 3

max F(X) =w, -

Here, X = {xl,xz,...,x64}(xj e {0,1},j=1,2,...,64)
represents the binary coding matrix to be optimized. The
term ), | RCS(f;, X) quantifies the microwave stealth per-
formance by calculating the sum number of frequency
points within 8—18 GHz for which the RCS satisfies
RCS < — 10 dB, corresponding to the coding matrix X.
Meanwhile, the ratio S;;(X)/S denotes the duty cycle of

https://doi.org/10.1007/s40820-026-02294-6
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n
20% 20 subarrays), and SD(ar) from 50 independent theoretical runs. Here, SD is calculated as SD(a) = 1 Y (a; — @)?, which illustrates the
V "i=1

algorithm’s stability across multiple trials. A lower SD indicates a greater result consistency

ITO determined by matrix X, which characterizes the cor-  advantages of our strategy, we quantitatively compare the

responding IR stealth performance. In the optimization,  scattering performance of metasurfaces (Fig. 5h-j). Fig-
the weighting coefficients were set as w; =w,=0.5, reflect-
ing the equal importance of microwave and IR stealth per-
formance. In IR emissivity maps, blue and red regions
correspond to “0” and “1” elements with ¢, =0.14 and
£,=0.30, respectively. The corresponding o/¢,., values
for the six metasurfaces were 0.47/0.22, 0.54/0.21,
0.50/0.22, 0.63/0.20, 0.66/0.19, and 0.66/0.19, respec-

tively. Notably, compared to metasurfaces optimized by

ure 5j depicts how the integrated scattering powers vary
against the angle of theta. As is shown, the energy scat-
tered by our chaotic metasurface is greatly homogenized
in the #-plane, whereas sharp beams are clearly observed
for other algorithms. The corresponding root mean square
error (RMSE) is calculated as RMSE = \/ i S O = Yin)?

(Fig. 5j). The lowest RMSE confirms that our metasurface
supports much better isotropic scattering performance than

conventional algorithms in Fig. Se—g, our chaotic coding other designs. The table also lists the fitness values
metasurfaces exhibit diffuse and uniformly distributed obtained from 8 x 8 and 20 X 20 array configurations, along
lobes in the microwave far-field patterns, mainly attributed with the standard deviation (SD) of a computed over 50
to the spatially incoherent phase distribution. To illustrate independent theoretical runs. Notably, our proposed

@ Springer
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metasurface exhibits the lowest RMSE of 0.53 and excep-
tional stability with SD(a) =0, while maintains near-opti-
mal fitness values (maxF~0.96) comparable to those of
optimized designs. Importantly, such performance is
achieved without optimization, significantly reducing com-
putational overhead, which is attributed to a deterministic
pseudo-random method driven solely by the predefined
initial conditions. In contrast, optimization algorithms
typically produce varied a across repeated executions due
to inherent randomness in their search mechanisms. This
deterministic stability makes the method particularly suit-
able for applications requiring high phase consistency such
as reconfigurable intelligent surfaces. Furthermore, the
characteristics of the extended arrays including 20 x 20
and 30X 30 subarrays presented in Fig. S7 further validate
the effectiveness of our proposed method, and the perfor-
mance advantages become increasingly pronounced as the
array scale expands.

3.2 Experimental Verification

For experimental verification, a sample was fabricated with
initial values of (1, 1, 1). An ITO film with a total size of
288 %288 mm? was deposited on a PET film through mag-
netron sputtering. The fabricated sample and experimen-
tal setups for bistatic radar RCS measurements are shown
in Figs. 6a and S9, respectively. Moreover, the inset also
depicts enlarged views of the “0” and “1” representative
elements, each composed of 3 X 3 elements arranged peri-
odically, resulting in an overall size of 36 mm X 36 mm.
Figure 6b presents ITO surface morphologies obtained via
scanning electron microscopy (SEM). It is observed that
ITO possesses obvious fine particles with uniform size,
and the representative elements are periodically arranged
with a spacing of 100 pm. Here, ITO and PVC materials are
selected for their excellent comprehensive properties. More
details are presented in Supplemental Document. Figure 6¢
compares the measured bistatic RCS at 10 GHz between
the fabricated sample and an equal-sized metal plate under
y-polarized incidence. The experimental results are in good
agreement with simulations, demonstrating an RCS reduc-
tion of more than 10 dB in the normal-incidence direction.
Moreover, the measured results at 8 ~ 18 GHz under x-polar-
ization are presented in Fig. S10. By redistributing the scat-
tered energy into multiple sidelobes, the chaotic coding

© The authors

metasurface embodies the intrinsic operating principle of
scattering-based stealth, distinct from absorption-based
approaches. As a result, the peak bistatic RCS is substan-
tially reduced compared with that of a metallic reference
and a conventional checkerboard metasurface. Furthermore,
the resulting sidelobes are diffuse and spatially incoherent,
which is advantageous in practical radar detection scenar-
ios relying on strong specular returns. Comparison between
measured and simulated RCS is further illustrated in Fig. 6d
under different incident angles. Here, all RCS values are
normalized to the bare metallic plate of identical size. When
the EM wave is incident at angles up to 45°, the RCS reduc-
tion of more than 10 dB is maintained within 8 ~18 GHz,
corresponding to a fractional bandwidth of 76.9%. Minor
deviations between measurements and simulations are
attributed to environmental influence and system imperfec-
tions during measurement. Nevertheless, these effects are
minimal, confirming that the proposed chaotic coding meta-
surface exhibits broadband RCS reduction and wide-angle
operational stability. To investigate mechanical stability, the
simulation and measurement are conducted in Figs. S11-S13
regarding bending and friction. As is shown, the device still
maintains acceptable stealth performance under conformal
and partially damaged conditions.

Finally, the IR stealth characteristics of the fabricated
metadevice were systematically evaluated. As shown in
Fig. 7a, the experiment was performed using a heating plate
maintained at a constant temperature of 65 °C to assess the
thermal radiation performance. The measurement was car-
ried out under environmental temperature of 29.8 °C and
relative humidity of 11%. The chaotic metadevice sample
was compared with standard metallic references, namely alu-
minum (Al: e,; =0.05) and copper (Cu: g-,=0.45). Ther-
mal images captured using an IR thermal imager (Smart
Sensor ST9450) revealed apparent temperatures of 19.2 °C
and 47.6 °C for the Al and Cu plates, respectively. In con-
trast, the apparent temperatures of “0” and “1” elements
were measured to be 25.0 and 29.6 °C, respectively, confirm-
ing their effective IR suppression capability. According to
the Stefan—Boltzmann law, when the apparent temperature is
identical, the emissivity of the sample with a lower radiation
temperature is reduced. Consequently, the equivalent emis-
sivity of the metadevice was calculated to be approximately
0.23, which is very close to the theoretical result, thereby
satisfying IR stealth requirements.

https://doi.org/10.1007/s40820-026-02294-6
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To further comprehensively assess its IR stealth per-
formance alongside optical transparency, the sample was
positioned in front of a transparent vase (middle panel
of Fig. 7b). The outline of the flowers behind the sample
remained clearly visible. To simulate a real-world scenario,
the water in the vase was heated to 33 °C (approximately
simulating human thermal radiation) using a bottom heat-
ing plate. Despite occlusion by the sample, a clear outline
of the flower remained visible in the left panel of Fig. 7b.
To quantitatively characterize IR spectra of the metade-
vice, Fourier transform infrared spectroscopy (FTIR) was

SHANGHAI JIAO TONG UNIVERSITY PRESS

performed on the representative “0” and “1” elements. Both
elements maintain low infrared emissivity across 3—14 pm
(Fig. 7¢). Additionally, the measured apparent temperature
decreased to 15.9 °C after sample occlusion, closely match-
ing the background temperature of 16.2 °C. These results
demonstrate that the designed metasurface exhibits supe-
rior IR stealth capability while maintaining excellent optical
transparency. The thermal stability of the sample was further
investigated under different heating conditions. Owing to the
inherent thermal limitation of the PET substrate, the maxi-
mum allowable temperature was 120 °C. Therefore, apparent

@ Springer
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peratures. e Comparison of apparent temperature of a raincoat with and without the metadevice sample attached. f Measured transmittance of the

proposed metadevice

temperatures of Cu, Al, and metadevice sample were meas-
ured when the heating temperature varied from 30 to 100 °C
(Fig. 7d). Furthermore, outdoor experiments were conducted
to evaluate temperature variations (Figs. 7e and S14). In
this test, a camouflage raincoat served as the background
layer, and the sample was positioned on top. The apparent
temperature distributions were compared with and without
the sample under peak sunlight at noon, when the ambi-
ent radiation temperature remains stable at approximately

© The authors

42 °C. To further investigate the optical transmittance of the
proposed metadevice, we measured its optical performance
using an optical transmittance meter. As shown in Fig. 7f,
the transmittance was measured in 380-780 nm wavelength
range, the transmittance of entire metadevice based on cha-
otic-coded metasurface yielded a value of 71.2%.

Table 1 provides a detailed and comprehensive com-
parison with several previously reported microwave-IR
bi-stealth metasurfaces to illustrate clear advantages of

https://doi.org/10.1007/s40820-026-02294-6
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Table 1 Comparison of radar-IR compatible stealth performance among different metasurfaces

Reference [44] [45] [14] [29] [50] [51] This work
Optical trans-  33% 30% 51.7% 60% Vv 56% 71.2%
missivity
Thickness 0.165 Ay, 0.10 A, 0.08 A, 0.10 A, 0.06 Ay 0.08 A, 0.09 A,
Bandwidth 1.5-9 7.7-18 (80.1%) 7.6-16.4 8.7-32 7.5-17 (77.6%) 7.4-13.4 8-18 (76.9%)
(GHz) (142.9%) (73.3%) (114.5%) (57.6%)
Thickness-to- - 0.38 0.54 0.15 0.25 0.54 0.34
bandwidth
ratios
ER 0.52 0.23 0.304 / 0.3 - 0.26 0.23
0.363
Incident angle 30° 40° 50° 45° - - 45°
ITO layer Four Double Double Double Single Single Single
Layout Identical ele- Identical ele- Identical ele- Identical ele- Deep learning& Checker-board ~ Chaotic coding
ments ments ments ments PSO
Method Absorption Absorption Absorption Absorption Hybrid Scattering Scattering

proposed metadevice. As summarized in Table 1, the pro-
posed metadevice exhibits low IR emissivity, high trans-
parency, and achieves broadband RCS reduction without
complex optimization algorithm. Moreover, in contrast to
absorption-based methods, scattering-driven strategy mini-
mizes conductive ITO layers. Compared to checkerboard
case, our metadevice exhibits superior stealth performance
even at 45° oblique incidence.

Given these merits, the proposed chaotic coding metasur-
face holds promise for practical multispectral stealth appli-
cations. For instance, when mounted on the canopy of an
unmanned aerial vehicle (UAV) or the window of a military
vehicle, it can simultaneously reduce radar detectability and
infrared radiation while maintaining optical transparency for
vision or sensor systems. Additionally, integration into smart
building windows could provide both thermal camouflage
and radar invisibility without sacrificing natural lighting
[53], which endows the material with great application value
in transportation, military, and civilian field.

4 Conclusions

In summary, a chaotic paradigm and multi-scale strategy
were proposed and experimentally demonstrated to address
radar-IR-optical multispectral stealth by using a single-
layer coding ITO platform. The multi-scale design con-
cept is realized by integrating millimeter-scale representa-
tive elements, centimeter-scale phase-coding subarrays,

SHANGHAI JIAO TONG UNIVERSITY PRESS

and decimeter-scale meta-arrays. A quantitative mapping
between chaotic initial parameters, and corresponding
microwave scattering and IR emissivity characteristics is
established, enabling deterministic control over multispec-
tral stealth performance. Theoretically, two-dimensional
autocorrelation analysis establishes broadband wavevector
diffusion as the physical origin of wide-angle RCS reduc-
tion, validating the underlying design paradigm. Numerical
and experimental results confirm that our proposed metade-
vice achieves broadband RCS reduction (> 10 dB) within
8~ 18 GHz even at oblique incidence of 45°. Moreover, it
maintains low IR emissivity (~0.23) and high optical trans-
parency (~71.2%). Unlike conventional phase-coding based
purely random distributions, the chaotic system introduces
tunability of scaling factor «, allowing a flexible balance
between IR suppression and microwave scattering diffu-
sion. Overall, our deterministic chaotic coding paradigm
establishes a versatile and scalable route for multispectral
stealth integration, offering a new platform for lightweight,
broadband, and optically transparent stealth metasurfaces
and opening new opportunities for applications in integrated
photonic systems and thermal management.
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