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ABSTRACT In this paper, a microwave absorption/transmission switchable frequency selective surface
(A/T-SFSS) with enhanced multispectral functionality in the visible and infrared spectra is developed.
By simply controlling the flowing liquid medium (pure water in this work), efficient manipulation of
two opposite states, absorption and transmission, can be achieved in the microwave frequency band
with a wide switchable bandwidth. When functioning as a wideband absorber, the proposed A/T-SFSS
exhibits an absorption rate over 90% from 6.50 GHz to 10.48 GHz. Conversely, it can be employed
as a transmitter with high selectivity, featuring a second-order passband with two transmission zeros at
both sides and an impressive −1 dB transmission bandwidth ranging from 7.04 GHz to 8.47 GHz. The
design also demonstrates stable responses under different polarizations and incident angles. Additionally,
the proposed A/T-SFSS offers flexibility in tailoring the visible and infrared spectra by actively changing
the color and temperature of aqueous solutions. The influences of electromagnetic (EM) parameters and
liquid temperature variations on the microwave performance are also thoroughly investigated. Finally,
experimental verification through free-space tests of scattering parameters, image analyses of grayscale
histogram, and infrared radiation detected by thermal imager provides compelling evidence for the potential
of the developed A/T-SFSS. The results demonstrate its remarkable capability to achieve switchable
microwave functionality as well as active control of visible light and infrared spectra, which significantly
contributes to the field by advancing the development of multifunctional and multispectral structures.

INDEX TERMS Frequency selective surface (FSS), multispectral, switchable microwave function, visible
light camouflage, infrared radiation management.

I. INTRODUCTION

DUE TO their effectiveness in attenuating electro-
magnetic (EM) waves, EM absorbers have become

indispensable components in modern EM engineering and
hold immense potential for future advancements in various
disciplines [1], [2], [3], [4].

c© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

HTTPS://ORCID.ORG/0000-0001-7045-7856
HTTPS://ORCID.ORG/0000-0002-0320-7790
HTTPS://ORCID.ORG/0000-0002-0286-8300
HTTPS://ORCID.ORG/0000-0002-9091-250X
HTTPS://ORCID.ORG/0000-0001-5602-7876
HTTPS://ORCID.ORG/0000-0002-3397-5301
HTTPS://ORCID.ORG/0000-0002-1678-2356
HTTPS://ORCID.ORG/0000-0001-6942-0589
HTTPS://ORCID.ORG/0000-0001-6063-4310


287 IEEE OPEN JOURNAL OF ANTENNAS AND PROPAGATION, VOL. 5, NO. 2, APRIL 2024

In recent years, some absorbers based on water medium
have been reported [5], [6], [7], [8], [9], [10], [11], [12], [13],
[14], [15]. Compared to traditional metamaterial absorbers,
these water-based absorbers can achieve wider bandwidth
and higher efficiency in terms of absorbing performance
owing to the dispersive and lossy characteristics of water.
Further, water-based designs with reconfigurable functions,
which are more adaptable to the rapidly changing and
increasingly complex EM environment, can be achieved
based on the liquid fluidity [16], [17], [18], [19], [20].
In [16], a water-based tunable metamaterial is first designed
and its tunability is realized by rotating the functional device,
which reshapes the water inside the reservoir. Wideband
tunable absorbers based on the combination of indium
tin oxide (ITO) resonant patterns and water substrates are
proposed in [17], [18], and the absorption rates can be tuned
by altering the thicknesses of homogeneous water layer. A
water-based structure comprising spherical fluidic channels
is presented in [19], and the switchable function between
absorption and reflection can be attained by controlling
the status of liquid injection. After that, a wideband
absorber/reflector based on the stacking technique and super-
element configuration is developed, which enhances the
modulation bandwidth of both absorption and reflection
states [20].
To date, most switchable absorbers previously reported

are of the absorption/reflection type. The concept of
frequency selective radar absorber (FSR), which com-
bines in-band transmission and out-of-band absorption
functionalities, has been extensively researched in recent
decades [21], [22], [23]. Several FSR designs have been
developed with reconfigurable capabilities that allow for
dynamic switching within the passband [24], [25]. However,
there are very few reconfigurable designs that can integrate
the exact opposite states of absorption and transmission
within the same operating band since a reflective ground
plane is usually required in designing absorbers. Based on
the active frequency selective surface (FSS) configuration,
an absorption/transmission switchable surface is designed to
simultaneously maintain the radar performance and reduce
the RCS of an antenna array [26]. However, the reported
topology has difficulties in attaining polarization stability
due to the additional bias lines for active elements. Although
a polarization-insensitive switchable design that acts as a
radar absorber or a transmission screen under different
states of PIN diodes is presented in [27], the issue of
narrow reconfigurable bandwidth still requires resolution.
Besides, the insertion loss, device cost and high-frequency
applicability introduced by the active elements should also
be thoroughly considered.
In addition, the vast majority of FSS absorbers merely

focus on microwave absorbing properties, while the fea-
tures in the visible and infrared spectral regions are
also worth exploring for the application requirements
of multispectral camouflage. While there have been
advancements in developing combined radar-infrared stealth

structures [28], [29], [30], few designs have achieved com-
patibility across radar, visible light, and infrared spectra.
Furthermore, these designs have also faced challenges in
incorporating reconfigurability and controllability features.
Therefore, a simple configuration of wideband and dual-
polarized reconfigurable absorber, which can switch between
two opposite states of absorption and transmission at
microwave band while integrating multispectral regulation
capability in the visible and infrared spectra, has yet to be
realized.
In this paper, an absorption/transmission switchable

frequency selective surface (A/T-SFSS) with wideband
and polarization-insensitivity characteristics is proposed. A
groundless absorber, consisting of structured water encap-
sulated by a polydimethylsiloxane (PDMS) container, is
designed as the top absorbing layer at first. The water-based
structure exhibits wideband and efficient radar absorbing
ability when filled with pure water. Then, a second-order
bandpass FSS structure with high selectivity is arranged
below the water-based element. Once the pure water inside
the PDMS container is discharged, a center passband with
flat top properties and two transmission zeros distributed
at both sides can be obtained. By manipulating the sta-
tus of liquid injection, an obvious wideband switching
function between absorption and transmission states can
be obtained, and the overall performance of the two
opposite operating states is well balanced. Compared to the
switchable absorption/transmission screens aforementioned,
the proposed design simultaneously possesses advantages in
the aspects of wide switchable bandwidth, high passband
selectivity and good stability with respect to different
polarizations and incident angles. Furthermore, for the
first time in the literature to the best of the authors’
knowledge, one unique feature is achieved, consisting in
the adaptability of the A/T-SFSS in both visible and
infrared wavelengths. With its simultaneous capabilities of
visible light camouflage and infrared radiation regulation, the
developed A/T-SFSS finds practical applications in military
operations, surveillance systems, and wildlife conservation.
These technologies enhance stealth, situational awareness,
and observational capabilities, contributing to improved
effectiveness and security in a wide range of applications.
Finally, the corresponding results demonstrate its potential
in the multispectral compatible camouflage domain.

II. DESIGN AND ANALYSIS OF THE A/T-SFSS
The schematic diagram of the A/T-SFSS array is illustrated
in Fig. 1(a). The proposed structure is composed of a
wideband water-based absorber (WWA) and a second-order
bandpass FSS with high selectivity. As depicted in Fig. 1(b),
the unit cell of the upper structured water, consisting of
a cross microfluidic channel and a cylindrical resonator,
is encapsulated by a PDMS container (ε0 = 2.72, tanδ0
= 0.0027). Taking the advantage of its flowability, the
water medium inside the container can be connected and
circulated through the cross microfluidic channel. The lower
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FIGURE 1. The schematic diagram of the proposed design. (a) The A/T-SFSS array.
(b) The upper water-based absorbing structure. (c) The lower second-order bandpass
structure.

transmission layer in Fig. 1(c) is realized by a second-order
bandpass topology with three metallic structures supported
by two F4BME dielectric layers (ε1 = 2.85, tanδ1 = 0.0007),
which are bonded by a FR4 prepreg layer (ε2 = 4.4, tanδ2 =
0.02). With reference to Fig. 1(c), the values of the geometric
parameters are as follow: p = 8 mm, lt1 = 0.735 mm, lt2 =
0.83 mm, lt3 = 1.2 mm, lt4 = 0.8 mm, lt5 = 0.5 mm, wt1 =
0.9 mm, wt2 = 0.1 mm, wt3 = 0.8 mm, wt4 = 0.35 mm, wm
= 3.3 mm, g = 0.12 mm, lb1 = 1.65 mm, lb2 = 0.5 mm, lb3
= 0.35 mm, lb4 = 0.35 mm, lb5 = 0.9 mm, wb3 = 0.7 mm,
wb1 = 1.5 mm, wb2 = 0.3 mm, wb4 = 0.5 mm, wcross =

5.3 mm, r = 2.1 mm, hcross = 0.8 mm, hcylinder = 4.9 mm,
hPDMS1 = 0.5 mm, hPDMS2 = 6 mm, hpp = 0.08 mm, and
h1 = h2 = 1.43 mm.

A. SWITCHABLE MICROWAVE PERFORMANCE
Two independent EM states of absorption and transmission
can be achieved by controlling the injection condition of pure
water. The A/T-SFSS operates as a dual-polarized wideband
absorber when the container is full of pure water; contrarily,
the A/T-SFSS features bandpass filtering characteristics with
high selectivity and polarization insensitivity when pure
water is drained out. For further numerical analyses, the
EM simulation software HFSS based on the finite element
method (FEM) is adopted. Two Floquet ports are applied
along z axis as the excitation, and two pairs of periodic
boundaries are assigned in both x and y directions to mimic
the periodic array by analyzing only one unit cell.

1) WIDEBAND ABSORPTION STATE

In order to achieve wideband absorbing properties of the
A/T-SFSS, pure water is used as the dispersive and lossy
medium inside the container. The complex permittivity of
pure water at room temperature of 25 ◦C is first studied and it
can be described by using the first-order Debye model [31]:
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where ω and Tpw are the frequency and water temperature.
The parameters ε0, ε∞ and τ are the static permittivity, opti-
cal permittivity and rotational relaxation time, respectively.
These temperature-related parameters can be approximated
by the following polynomial functions:
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where a1 = 87.9, b1 = 0.404 K−1, c1 = 9.59×10−4 K−2,
d1 = 1.33×10−6 K−3, a2 = 80.7, b2 = 4.42×10−3 K−1,
c2 = 1.37×10−13 s, T1 = 133 ◦C, and T2 = 651 ◦C.

Then, the calculated frequency-dependent dielectric con-
stant and loss tangent of pure water are imported into the
simulation software. The absorptivity A(ω) can be defined
as:

A(ω) = 1 − |T(ω)| − |R(ω)| = 1 − |S21
2(ω)| − |S11

2(ω)|
(5)

where T(ω) and R(ω) are the transmissivity and reflectivity,
respectively, while S21(ω) and S11(ω) are the transmission
and reflection coefficients, respectively.
The simulated absorption curves of the proposed A/T-

SFSS under normal incidence are depicted in Fig. 2(a). The
structure exhibits wideband absorbing characteristics, with an
absorbing bandwidth of 6.50 - 10.48 GHz and an absorbing
rate exceeding 0.9, resulting in a fractional bandwidth of
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FIGURE 2. (a) The simulated absorption curves of the proposed A/T-SFSS and the
uniform water layer. (b) The normalized impedance of the A/T-SFSS.

about 46.9% at absorption state. Besides, the absorptivity
of a layer of uniform water with the same thickness is
also compared with that of the A/T-SFSS, indicating the
contribution of structured water to the wideband absorption.
To attain further insights into the absorbing mechanism

of the A/T-SFSS, the distributions of loss density in the yoz
plane at the two absorption peaks of f1 = 6.75 GHz and f2 =
9.25 GHz are added as insets in Fig. 2(a). It can be observed
that the losses mainly concentrate inside the structured water
instead of the PDMS container within the operating band
due to the large dielectric losses of pure water. At 6.75 GHz,
the power losses mainly dissipate in the places where the
cylindrical resonator are in contact with the PDMS shell
side, whilst the power losses are also generated at the two
sides of the cross water structure adjacent to the bottom
PDMS coating at 9.25 GHz. Hence, it is the synergetic effect

FIGURE 3. The simulated absorption curves of the proposed A/T-SFSS under
oblique incidence. (a) TE polarization. (b) TM polarization.

of these different resonant modes that contributes to the
expansion of the absorbing bandwidth.
The normalized impedance Zni(ω) of the A/T-SFSS can be

extracted according to (6). As plotted in Fig. 2(b), it can be
seen that the real part of the normalized impedance is close
to 1 while the imaginary part is close to 0 from 6.50 GHz
to 10.48 GHz, which indicates that the impedance matching
condition is well satisfied within the entire absorbing band.

Zni(ω) = ±
√

(1 + S11(ω))2 − S21(ω)

(1 − S11(ω))2 + S21(ω)
(6)

The simulated absorption rates of the A/T-SFSS under
different incident angles and polarizations are further stud-
ied and plotted in Fig. 3, and the absorptivity maintains
high levels even when the incident angle increases up
to 45◦. However, the absorptivity exhibits relatively better
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FIGURE 4. The simulated and calculated scattering curves of the proposed
A/T-SFSS at transmission state.

angle stability for TM polarization (the electric field is
oriented along the x-axis direction) than TE polarization
(the electric field is oriented along the y-axis direction).
This phenomenon can be explained by the weaker magnetic
component of the TE-polarized waves as the incident
angle increases, which deteriorates the effect of dielectric
resonance [32].

2) HIGHLY-SELECTIVE TRANSMISSION STATE

When pure water is discharged from the PDMS container,
the wideband absorption state can be switched to the
entirely opposite transmission state with high selectivity.
The simulated scattering coefficients of the A/T-SFSS at
transmission state under normal incidence are shown in
Fig. 4. The −1 dB and −3 dB transmission bandwidths
are 1.43 GHz (7.04 - 8.47 GHz) and 1.91 GHz (6.78 -
8.69 GHz), respectively, and the minimum insertion loss at
the transmission band is only 0.1 dB. Besides, the feature of
good selectivity is guaranteed with two transmission zeros
distributed at both sides of the center transmission band. By
employing symmetrical meander-line structures coupled with
a nonresonant inductive wire grid in the transmission layer,
two transmission poles and one transmission zero above
the passband can be generated within the operating band.
Moreover, the introduction of capacitive gaps in the middle-
layer structure allows for the generation of an additional
transmission zero below the passband, with its position
adjustable by modifying the geometric parameters of the grid
and gap structures.
Based on the transmission line theory, the equivalent

circuit model (ECM) of the A/T-SFSS is established. As
shown in Fig. 5, the metallic structures from top to down
can be modeled as the series resonant circuits LtCt, LmCm
and LbCb, respectively. The two supporting substrates in
between can be represented by the hybrid circuits Ls1Cs1

FIGURE 5. The equivalent circuit model of the proposed A/T-SFSS.

and Ls2Cs2, respectively. The hollow PDMS container is
converted to an equivalent homogeneous dielectric layer
with the same thickness, whose effective permittivity can be
calculated by using the volume-weighted average method.
After that, the uniform substrate can be equivalent to the
lumped components LeffCeff. The bonding layer can be
neglected in the circuit calculation since its thickness is
very thin. The equivalent circuit parameters mentioned above
are first calculated according to the approximation formulas
given in [33], [34], and then they are set as the initial
values in the Advanced Design System (ADS) software
before the curve fitting procedure. The final optimized circuit
parameters are listed as follow: Lt = 2.932 nH, Ct = 0.079
pF, Lm = 1.810 nH, Cm = 0.441 pF, Lb = 2.272 nH, Cb
= 0.077 pF, Leff = 6.734 nH, Ceff = 0.039 pF, Ls1 = Ls2
= 1.692 nH, and Cs1 = Cs2 = 0.034 pF. The calculated
transmission and reflection coefficients are compared in
Fig. 4, which are in good agreement with the simulated
ones.
The circumstances of oblique incidence at transmission

state are presented in Fig. 6. The in-band transmission char-
acteristics of the proposed design hold stable as the incident
angle increases up to 45◦. The transmission bandwidth
gradually increases at TE polarization, which is contrary to
the variation rule at TM polarization.

3) MICROWAVE PERFORMANCE VALIDATION

In order to validate the microwave performance of the
proposed design, an A/T-SFSS prototype with an overall
dimension of 150 mm × 150 mm is fabricated and measured
in an anechoic chamber. As shown in Fig. 7(a), the upper
and lower structures are assembled together by employing
nylon columns and nuts at the edges and corners. Pure water
is injected into microfluidic channels through the inlet/outlet
located on the outer side of the prototype. The interconnected
structure of neighboring units allows for the use of a single
pair of inlet and outlet. For convenience, a syringe is used
for the injection of pure water in the experiment. Two
small openings along the diagonal, connecting to the syringe
through PTFE tubes and hollow steel needles, are drilled
in the microscale machining process for the injection and
discharge of pure water. To further improve the control effi-
ciency and stability at a constant speed, a micropump can be
considered in practical operations. The measurement settings
of reflection (left) and transmission (right) coefficients are
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FIGURE 6. The simulated scattering curves of the proposed A/T-SFSS under oblique
incidence. (a) TE polarization. (b) TM polarization.

shown in Fig. 7(b). A pair of horn antennas (2 - 18 GHz)
from Guanjun Technology, which acts as the transmitting
and receiving antennas, is connected to the two ports of
an Agilent vector network analyzer (VNA) N5245A. The
time-domain gating technique is adopted during the test to
reduce the interferences of system noise. The transmission
and reflection coefficients should be measured separately.
For the reflection test, two antennas are set at the same side
of a foam window with the size of 600 mm × 600 mm,
and the fabricated sample is arranged at the center. The
reflection coefficients are calculated by normalizing the
measured results to those of a metallic sheet with the same
size. To attain transmission coefficients, two antennas are
placed at both sides of an equally-sized foam window but
with conductive copper tapes attached to the surface. The
measured data of the air are then used as the reference

FIGURE 7. (a) The fabricated prototype of the proposed A/T-SFSS. (b) The
measurement setups of microwave scattering parameters.

background to obtain the transmission coefficients of the
prototype.
The experimental results of the proposed A/T-SFSS at

both absorption and transmission states are provided in
Fig. 8. From the absorbing curves given in Fig. 8(a) and
Fig. 8(b), it can be seen that the wideband absorbing
capability of the A/T-SFSS is well maintained, although the
measured absorption rates are marginally lowered because
of the air bubbles introduced during liquid injection. As
shown in Fig. 8(c) and Fig. 8(d), the A/T-SFSS features
the transmission properties of flat top and high selectivity
under normal incidence. The out-of-band curves slightly rise,
which can be explained by the edge diffraction effect of
the limited-sized prototype. In addition, the A/T-SFSS is
also demonstrated to be polarization-insensitive and exhibits
stable responses as the incident angle increases to 45◦ at
different states.

B. VISIBLE LIGHT CAMOUFLAGE
By pumping colored solutions into the microchannel struc-
ture, the differences between the proposed A/T-SFSS and
the background can be adjusted in the visible spectrum.
The soluble gouache paints are chosen as the colorants and
diluted in water to obtain colored solutions. Although various
colored solutions can be prepared, the gray colored solution
is used as the sample of the following experiment considering
that the gray slate is easily available near the college.
To present the camouflage performance of the A/T-SFSS

in visible light, an image analysis program is developed.
First of all, the images of the A/T-SFSS with and without
camouflaging coloration are taken on a slate background.
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FIGURE 8. The measured results of the proposed A/T-SFSS. (a) The absorption state
at TE polarization. (b) The absorption state at TM polarization. (c) The transmission
state at TE polarization. (d) The transmission state at TM polarization.

After that, the collected images are converted to 8 bit
grayscale, whose color intensity ranges from 0 (black color)
to 255 (white color). The quantitative information about the

FIGURE 9. The normalized gray histograms. (a) The slate background. (b) The
proposed A/T-SFSS without camouflaging coloration. (c) The proposed A/T-SFSS with
camouflaging coloration.

brightness and contrast characteristics can be obtained by (7)
and (8):

μI = 1

N

∑
I(x, y) (7)

σI =
√

1

N

∑
(I(x, y) − μI)

2 (8)

where μI is the mean brightness and σI is the root mean
square contrast. N is the total number of pixels in the
image and I(x, y) represents brightness value of the pixel at
coordinates (x, y).
The calculated (μI, σI) values of the slate background

and the A/T-SFSS with and without camouflaging coloration
are (103.89, 46.11), (103.50, 46.36) and (137.72, 56.15),
respectively, indicating that the brightness and contrast of
the camouflaged A/T-SFSS are much closer to that of the
slate background.
In order to show the camouflage effectiveness more

intuitively, the normalized grayscale histograms of the
brightness is further provided. The image regions containing
the A/T-SFSS are firstly extracted and isolated from the
background. Then, the normalized grayscale histograms of
the slate background and the A/T-SFSS under different
situations are plotted in Fig. 9 with the analyzed images
added as insets. This visualization of the gray histogram
intuitively demonstrates the feasibility of the camouflaging
coloration approach.
However, the complex permittivity of the colored solution

is different from that of pure water, which will inevitably
impact the absorption capability of the A/T-SFSS in the
microwave band. Thus, a precise knowledge of the complex
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FIGURE 10. (a) The EM parameters of the gray colored solution and pure water.
(b) The compared absorbing curves of the A/T-SFSS with gray colored solution and
pure water.

permittivity data of colored fluid dielectric materials should
be attained before they can be used for the intended EM
applications. In this paper, accurate measurements of the
EM parameters of such water-based liquids are performed
by the coaxial probe method, and the measurement setup is
added as an inset in Fig. 10. The coaxial probe is connected
to the Ceyear VNA 3671G by the test cable with stable
amplitude and phase characteristics. In order to remove
systematic errors of measurements, single port calibrations
of three standards including terminal open circuit, terminal
short circuit, and deionized water are required before each
actual test.
The real part of the dielectric constant and the loss tangent

of the gray colored solution are measured (20 ◦C) and
compared with those of pure water (20 ◦C and 25 ◦C) in
Fig. 10(a), where [Re(εpw), tanδpw] and [Re(εgcs), tanδgcs]
denote the EM parameters of pure water and gray colored
solution, respectively. The tested dielectric parameters of
the colored solution are then imported into the simulation
software to investigate their influence on the microwave

FIGURE 11. The compared infrared radiation images of the proposed A/T-SFSS with
and without pure water. (a) Both samples are heated at 50 ◦C for more than
10 minutes. (b) The water temperature of the left sample is changed to 18.5 ◦C through
water circulation.

absorbing performance of the A/T-SFSS. As shown in
Fig. 10(b), although subtle differences can be observed, the
absorbing characteristics maintain well after pure water is
replaced by the colored solution.

C. INFRARED RADIATION REGULATION
According to the Stefan-Boltzmann’s law, the infrared
radiation of an object can be described by the following
formula:

M = ε(T)σT4 (9)

where M is the infrared radiation, σ ≈ 5.67 × 10−8

W/(m2·K4) is the Stefan-Boltzmann constant, T and ε(T)
are the temperature and infrared emissivity, respectively. It
is clear that the infrared radiation is proportional to both
temperature and emissivity of the object itself. For the
proposed water-based structure, the infrared radiation can be
controlled by changing the temperature of the injected pure
water considering the large heat capacity of pure water.
To demonstrate its capability in regulating the infrared

radiation, two prototypes of the A/T-SFSS with and without
pure water are placed on the left and right sides of a heating
table with an ambient temperature around 25 ◦C. The thermal
imager HM-TPH11-3AXF from HIKMICRO is utilized to
record the infrared radiations. As shown in Fig. 11(a), the
two samples show similar infrared radiation characteristics
after being heated at the working temperature of 50 ◦C for
more than 10 minutes. Then, it can be obviously observed in
Fig. 11(b) that the sample on the left exhibits much weaker
infrared radiations after another round of water circulation
with a lower temperature of 18.5 ◦C. Therefore, the infrared
radiation features can be easily manipulated by dynamically
regulating the temperature of circulating water.
As the complex permittivity of pure water is temperature-

dependent, it is necessary to study the effect of temperature
variation on the microwave absorbing properties at absorp-
tion state. As shown in Fig. 12, the absorption intensity and
bandwidth are gradually narrowed as the water temperature
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FIGURE 12. The absorption spectra of the proposed A/T-SFSS under different
temperatures of pure water.

TABLE 1. Comparison between the proposed design and previously reported
literatures.

increases. The variation in the lower frequency band is
relatively larger than that at the higher frequencies. In spite
of the change in absorption spectra, the absorption intensities
within the band of interest remain larger than 80% even
when the temperature increases up to 60 ◦C.

A comprehensive comparison has been provided in
Table 1 to demonstrate the superiorities of the proposed
structure in relation to previous designs. The table
highlights critical parameters such as microwave absorp-
tion/transmission bandwidth, passband insertion loss,
polarization insensitivity, angle stability, and characteristics
in the visible light and infrared spectra. Compared to the
aforementioned studies, the proposed design in this paper is
a multifunctional and multispectral solution that combines
the advantages of wideband switchable microwave absorp-
tion/transmission states with active control over visible light
and infrared spectra. This integration positions the proposed

design as highly promising for extensive applications in the
field of multispectral stealth.

III. CONCLUSION
A wideband and dual-polarized A/T-SFSS, characterized
by multispectral characteristics, is proposed and studied in
this paper. By controlling the accurately designed water
structure in microfluidic channels, a wideband and efficient
modulation of absorption and transmission performance
at microwaves can be realized with good angle stability.
Furthermore, the simultaneous functions of visible light
camouflage and infrared radiation management of the A/T-
SFSS are also studied by changing the color and temperature
of the water medium inside microfluidic channels. For
demonstration, a prototype is fabricated and then the exper-
iments in microwave, visible light and infrared regions are
conducted separately to validate its multispectral features.
The proposed A/T-SFSS serves as the first step towards
integrating more operating capabilities of spectra tailoring,
and it can be a potential candidate for various fields such as
the multispectral compatible camouflage and communication
systems. The presence of liquid provides a high degree of
flexibility since its properties can be matched to derive

more challenging multispectral configurations. However, it
should be noted that despite the demonstrated potential in
theoretical and experimental research, practical applications
of water-based reconfigurable FSS still face challenges
such as fabrication, stability, and cost considerations, which
necessitates further research and development to drive its
widespread adoption across various fields.
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