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ABSTRACT: A flexible multifunctional passive metasurface reflector is proposed, which integrates broadband absorption, linear-to-linear
polarization conversion, and dual-band linear-to-circular polarization conversion on a single passive platform. The proposed unit cell
consists of a circular split-ring resonator and X-shaped metallic patches loaded with lumped resistors. The metallic patterns were fabri-
cated on a flexible polyimide (PI) substrate, followed by a polymethacrylimide (PMI) spacer layer and a metallic ground plane. Without
employing any active components, the metasurface achieves an absorptivity higher than 90% over the 4.45–8.46GHz band. In the 12.1–
15.2GHz frequency range, the polarization conversion ratio exceeds 90%, enabling efficient linear-to-linear polarization conversion.
Furthermore, within the frequency bands of 16.5–17.3GHz and 17.7–18.2GHz, the proposed metasurface converts incident linearly
polarized waves into right-handed circularly polarized (RHCP) and left-handed circularly polarized (LHCP) waves, respectively, while
the output handedness can be interchanged by rotating the incident polarization by 90◦. Conformal measurements demonstrate that the
proposed metasurface maintains stable absorption performance under moderate bending, with only slight degradation in polarization
conversion performance and a small frequency shift in the circular polarization conversion bands. Experimental measurements show
good agreement with simulated results, verifying the effectiveness of the proposed design. Owing to its simple configuration, low cost,
multifunctional integration, and conformal capability, the proposed metasurface provides a promising solution for multifunctional elec-
tromagnetic manipulation in conformal integrated electromagnetic systems.

1. INTRODUCTION

Metasurfaces, which are two-dimensional planar devices
composed of subwavelength artificial structural elements,

have demonstrated remarkable capabilities in electromagnetic
wave manipulation [1–3]. By carefully engineering the ar-
rangement of unit cells, metasurfaces can flexibly control the
phase, amplitude, and polarization of electromagnetic waves.
Due to their multifunctional characteristics, metasurfaces have
shown broad application prospects in polarization conversion,
electromagnetic absorption, holographic imaging, antenna gain
enhancement, beam shaping, and planar lens design [4–9].
Among these applications, metasurface-based polarization con-
verters and absorbers have attracted considerable attention due
to their potential in radar cross-section (RCS) reduction and
polarization control. To manipulate the polarization state of
electromagnetic waves, variousmetasurface-based polarization
converters have been developed, including linear-to-cross po-
larization converters and linear-to-circular polarization con-
verters [10, 11]. Meanwhile, broadband absorbers based on
impedance matching and resonant loss mechanisms have also
been extensively investigated [12, 13]. However, most reported
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metasurface designs are limited to a single functionality and can
only perform one specific operation, which restricts their poten-
tial applications in highly integrated electromagnetic systems.
To address this issue, many studies have employed multi-

resonance structural patterns to realize multifunctional de-
vices [14–16]. This approach offers advantages such as simple
configuration, ease of fabrication, and compactness. However,
existing works are generally limited either by operational
bandwidth or by the number of achievable functionalities. In
recent years, the research focus has gradually shifted from
realizing multiple microwave functions to multifunctional
integrated and multispectral-compatible metasurfaces. Be-
yond conventional microwave electromagnetic manipulation,
state-of-the-art metasurfaces have demonstrated simultaneous
integration of microwave absorption or polarization control
with visible-light transparency or dynamic coloration, infrared
thermal radiation regulation, and thermal management, en-
abling multifunctional operation across microwave, visible,
and infrared spectral regimes within a single planar architec-
ture [17–21]. These multispectral-compatible metasurfaces
significantly broaden the application scope of metasurfaces in
electromagnetic stealth, intelligent camouflage, and integrated
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FIGURE 1. (a) Functional schematic of a reflective metasurface: F1 denotes linear polarization conversion, F2 denotes circular polarization conver-
sion, and F3 denotes electromagnetic wave absorption. (b) Top view of the unit cell. (c) Side view of the unit cell (P = 18mm, w1 = 0.8mm,
w2 = 1mm, r = 8mm, l = 7mm, a = 15◦, h1 = 0.1mm, h2 = 6mm.)

electromagnetic-thermal systems. Meanwhile, another im-
portant research direction is the development of dynamically
reconfigurable and programmable metasurfaces [22–24]. By
incorporating active components into unit cells, metasurfaces
can switch between two or more electromagnetic function-
alities, thereby significantly expanding their application
scenarios. Although switchable metasurfaces provide flexible
functional reconfigurability, introducing active elements in-
evitably requires additional biasing networks, which increases
both device volume and system complexity.
This paper proposes a tri-functional metasurface capable of

simultaneously achieving multiple electromagnetic functional-
ities over a broad frequency range via incorporating lumped
elements. Specifically, the proposed metasurface operates
as an absorber within 4.45–8.46GHz, functions as a cross-
polarization converter in the 12.1–15.2GHz band, and real-
izes linear-to-circular polarization conversion within two ad-
jacent frequency bands of 16.5–17.3GHz and 17.7–18.2GHz,
generating left-handed circular polarization (LHCP) and right-
handed circular polarization (RHCP), respectively. Moreover,
the output handedness can be interchanged when the incident
polarization is rotated orthogonally. The proposed metasurface
has low cost and a simple structure, and both its absorption and
polarization-conversion characteristics exhibit broadband per-
formance. Unlike most existing multifunctional metasurface
designs, the proposed scheme achieves multifunctional integra-
tion without relying on any tunable components. In addition,
the introduction of a flexible substrate significantly extends its
applicability in practical engineering scenarios. Simulated and
experimental results were in good agreement, and conformal
measurements further verified the reliable performance of the
proposed flexiblemetasurface under curved-surface conditions.

2. STRUCTURE AND FUNCTIONALITY

2.1. Structure of the Proposed Element
The unit structure of the proposed multifunctional metasurface
is shown in Fig. 1(a). It adopts a conventional sandwich-like
layered configuration consisting of a patterned layer, dielec-

tric substrate layer, and metallic ground plane from top to bot-
tom. The patterned layer is composed of a circular split-ring
resonator and an X-shaped copper pattern, and the blue regions
represent lumped resistors. The substrate layer was made of
a flexible polyimide (PI) material with a relative permittivity
of εr = 3.5 and a loss tangent of tan δ = 0.008. The sub-
strate was bonded to the metallic ground plane through a poly-
methacrylimide (PMI) layer to ensure structural stability. The
metallic ground plane was realized using a 0.018mm thick cop-
per sheet to eliminate electromagnetic transmission through the
metasurface. The optimized geometrical parameters are sum-
marized in Fig. 1.
The proposed structure evolves through several design

stages, as shown in Fig. 2. Full-wave simulations of the
metasurface unit cell were performed using the commercial
electromagnetic simulation software Computer Simulation
Technology (CST) Microwave Studio. Unit-cell bound-
ary conditions were applied along the x- and y-directions,
whereas Floquet ports were assigned along the z-direction
for excitation. An x-polarized electromagnetic wave was
normally incident on the top surface of the structure, and the
co-polarized reflection coefficient rxx and cross-polarized
reflection coefficient ryx for each design stage are shown in
Fig. 2(b).
For Step 1 in Fig. 2(b), the frequency response clearly shows

that both rxx and ryx are lower than −10 dB at 14.2GHz and
16.1GHz, indicating strong absorption characteristics at these
two resonant frequencies. By introducing lumped resistors, as
shown in Step 2, the absorption performance is significantly en-
hanced. In particular, both rxx and ryx remain below −10 dB
within the 4.4–8.5GHz frequency range, demonstrating broad-
band absorption and indicating a substantial expansion of ab-
sorption bandwidth.
To further endow the metasurface with multifunctional char-

acteristics, an X-shaped structure was embedded inside the cir-
cular ring, resulting in the configuration shown in Step 3, which
corresponds to the final proposed design in this work. The
simulated results of Step 3 reveal distinct electromagnetic re-
sponses over different frequency bands. In the low-frequency
range (4.4–8.5GHz), both rxx and ryx remain below −10 dB,
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FIGURE 2. (a) Evolution of the proposed unit cell design. (b) Comparison of the co-polarized (rxx) and cross-polarized (ryx) reflection coefficients
for the three design steps.

preserving the broadband absorption property. In the mid-
frequency band (12–15.1GHz), ryx exceeds −3 dB while rxx
remains below −10 dB, indicating efficient cross-polarization
conversion. In the high-frequency region, specifically within
16.5–17.3GHz and 17.7–18.2GHz, rxx and ryx approach sim-
ilar magnitudes, implying the realization of linear-to-circular
polarization conversion. These results demonstrate that the
Step 3 design can function as both a low-frequency absorber
and a high-frequency polarization converter, thereby validating
the multifunctional electromagnetic response of the proposed
metasurface.

2.2. Electromagnetic Responses of Element

The simulated and measured rxx and ryx responses of the pro-
posed metasurface are shown in Fig. 3. In the frequency range
of 4.4–8.5GHz, both rxx and ryx remain below −10 dB, in-
dicating good absorption performance. In the band from 11.6
to 15.2GHz, rxx is lower than −10 dB while ryx exceeds
−3 dB, indicating that the metasurface functions as a polariza-
tion converter. Moreover, within the frequency ranges of 16.5–
17.3GHz and 17.7–18.2GHz, rxx and ryx exhibit nearly equal
amplitudes with a phase difference of ∆φ ≈ 90◦, confirm-
ing the realization of linear-to-circular polarization (LP-to-CP)
conversion.

FIGURE 3. Frequency responses of rxx, ryx, and the corresponding
phase difference∆φ.

2.3. Absorption Performance
The absorptivity A of the proposed metasurface can be calcu-
lated as [25]

A(ω) = 1−R(ω)− T (ω), (1)
R(ω) =

∣∣r2xx∣∣+ ∣∣r2yx∣∣ , (2)

where ω denotes the angular frequency, and R(ω) and T (ω)
represent the reflectivity and transmissivity, respectively. Due
to the metallic ground plane, the transmissivity T (ω) is approx-
imately zero. Fig. 4 shows the absorption performance of the
proposed metasurface. It can be observed that the absorptiv-
ity exceeds 90% in the frequency range 4.45–8.46GHz, with a
maximum absorptivity 95% at 5.58GHz.

2.4. Cross-Polarization Conversion
The proposed metasurface can also achieve broadband polar-
ization conversion. For an x-polarized incident wave, the po-
larization conversion ratio (PCR) is defined as [26]

PCR =
∣∣r2yx∣∣ / (∣∣r2xx∣∣+ ∣∣r2yx∣∣) . (3)

Figure 5 shows the polarization conversion performance of
the proposed metasurface. It can be observed that, within
the frequency range of 11.6–15.2GHz, the co-polarized
reflection coefficient rxx remains below −10 dB, while the
cross-polarized reflection coefficient ryx exceeds −3 dB.
Correspondingly, the 3 dB relative bandwidth of ryx reaches
3.6GHz. In particular, the PCR exceeds 90% over the
frequency range of 12.1–15.2GHz, indicating that most of
the incident x-polarized waves are efficiently converted into
y-polarized reflected waves within this band.

2.5. Circular Polarization Conversion
In addition to the linear polarization conversion, the proposed
metasurface can also achieve linear polarization to circular po-
larization (LP-to-CP) conversion. The axial ratio (AR), which
is used to evaluate the purity of circular polarization, is defined
as [27]

AR =

(
|rxy|2 + |ryy|2 +

√
a

|rxy|2 + |ryy|2 −
√
a

)1/2

, (4)
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FIGURE 4. Simulated and measured absorption performance of the pro-
posed metasurface.

FIGURE 5. Simulated and measured PCR of the proposed metasurface.

(a) (b)

FIGURE 6. Simulated and measured results of the circular polarization conversion performance: (a) AR and (b) ellipticity.

where

a = |rxy|4 + |ryy|4 + 2 |rxy|2 |ryy|2 cos(2∆φ). (5)

Figure 6(a) illustrates the AR performance of the proposed
metasurface. It can be observed that the frequency bands with
AR less than 3 dB are 16.5–17.3GHz and 17.7–18.2GHz, cor-
responding to bandwidths of 0.8GHz and 0.5GHz, respec-
tively. At 17.9GHz, an AR value close to 0 dB and a phase
difference of ∆φ ≈ 90◦ are obtained, indicating the perfect
LP-to-CP conversion. Furthermore, the LP-to-CP conversion
performance was further analyzed using the normalized ellip-
ticity [16], which was calculated as follows:

e =
2 |ryx| |rxx| sin∆φ∣∣r2yx∣∣+ ∣∣r2yx∣∣ . (6)

As shown in Fig. 6(b), the ellipticity is close to −1 within
the frequency range of 16.5–17.3GHz, indicating that the re-
flected wave is RHCP in this band. Similarly, within the fre-
quency range of 17.7–18.2GHz, the ellipticity approaches +1,
confirming that the reflected wave exhibits LHCP. These re-
sults verify that the proposed metasurface can realize orthog-
onal circular-polarization conversion at two distinct frequency
bands.

2.6. Incident Angle Sensitivity Analysis

Figure 7 shows the performance of the proposed metasurface
with different incident angles θ. For θ < 20◦, the PCR band-
width remains nearly unchanged, whereas it begins to decrease
when θ > 20◦, as shown in Fig. 7(a). From Fig. 7(b), it can be
observed that the absorption bandwidth remains approximately
constant. Notably, at larger incident angles, an increase in the
absorption bandwidth is observed due to the merging of absorp-
tion peaks, as illustrated in Fig. 7(b), which may be attributed to
the excitation of non-specular modes. Fig. 7(c) presents the AR
variation under LP-to-CP conversion. As shown in Fig. 7(c),
the AR remains nearly unchanged for small incident angles θ.

3. PRINCIPLE ANALYSIS
To further elucidate the operating mechanism of the proposed
metasurface, an equivalent circuit model was established in
Advanced Design System (ADS), as shown in Fig. 8(a). The
metallic resonators are modeled using lumped inductive and ca-
pacitive elements. Specifically, coupling capacitance between
adjacent unit cells is represented byC0, while the dielectric loss
is characterized byR0. The equivalent inductances of the split-
ring resonator and the X-shaped metallic patch are denoted by
L1 and L2, respectively. Their mutual coupling is modeled by
capacitors C1 and C2, and the lumped resistor is represented
by R1. In addition, the parasitic coupling between the metallic
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FIGURE 7. (a) PCR, (b) absorptance, and (c) AR under oblique incidence.

(a)

(b)

FIGURE 8. (a) Equivalent circuit of the unit cell. C0 = 0.03 pF, L1 = 3.56 nH, R0 = 0.38Ω, C1 = 0.05 pF, C2 = 0.063 pF, L2 = 2.1 nH,
Cg = 0.023 pF, C3 = 0.024 pF and (b) comparison between the equivalent-circuit results and CST full-wave simulation.

(a) (b)

(c) (d)

FIGURE 9. Power loss density and surface current distributions of the
proposed metasurface at the representative resonant frequencies: (a)
5.58GHz, (b) 15.1GHz, (c) 17.1GHz, and (d) 17.9GHz.

pattern and the ground plane is modeled by the shunt capaci-
tance Cg , and the input impedance of the grounded dielectric
substrate is represented by the load impedance ZL. By opti-
mizing the equivalent circuit parameters, the reflection coeffi-
cient calculated from the circuit model agrees well with CST
full-wave simulation results, as shown in Fig. 8(b), validating
the effectiveness of the proposed equivalent circuit model and

demonstrating its capability to accurately characterize the elec-
tromagnetic response of the proposed metasurface.
The power loss density and surface current distributions at

representative resonant frequencies of 5.58, 15.1, 17.1, and
17.9GHz are presented in Fig. 9. As shown in Fig. 9(a), the ab-
sorption mechanism originates from the strong power loss con-
centrated around the split-ring resonator and the central metallic
pattern, where the incident electromagnetic energy is dissipated
by dielectric loss and lumped resistors under good impedance
matching. For linear polarization conversion, antiparallel sur-
face currents induced on the topmetallic layer and ground plane
indicate the excitation ofmagnetic resonance, which suppresses
co-polarized reflection while enhancing cross-polarized reflec-
tion. For LP-to-CP conversion, the induced surface currents
flow along two orthogonal diagonal directions, establishing two
reflected orthogonal field components with nearly equal ampli-
tudes and a phase difference of ±90◦. Consequently, the inci-
dent linearly polarized wave is converted into RHCP and LHCP
reflected waves, respectively.

4. PERFORMANCE VALIDATION
For experimental verification, a metasurface prototype, as
shown in Fig. 10(a), was fabricated using flexible printed
circuit (FPC) technology. The fabricated sample consisted of
10× 10 unit cells with an overall size of 180× 180mm2. The
lumped resistors were implemented using SMD 0805 pack-
ages and soldered across the gaps between metallic patches.
The polyimide film was fixed to the metallic ground plane
using PMI foam to ensure structural stability. The reflection
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(a) (b)

FIGURE 10. (a) Fabricated metasurface sample and (b) Measurement setup.

(a) (b)

(c) (d)

FIGURE 11. Conformal performance of the proposed metasurface under different bending conditions: (a) photograph of the conformal metasurface
prototype, (b) PCR, (c) A, and (d) AR for bending radii of R = ∞ (flat), R = 10 cm, and R = 7.5 cm.

characteristics rxx and ryx of the fabricated metasurface
were measured in a microwave anechoic chamber, as shown
in Fig. 10(b). The measurement system consisted of a pair
of horn antennas and a two-port vector network analyzer
(Keysight N5230C). During the measurement of rxx, the
two horn antennas were arranged with the same polarization
orientation. In contrast, for the measuring ryx, the antennas
were configured with orthogonal polarizations to obtain
cross-polarized reflection response.
The measured results shown in Figs. 3–6 agree well with cor-

responding simulated results, demonstrating the effectiveness
of the proposed metasurface. Minor discrepancies can be ob-
served in several frequency regions and are mainly attributed to
fabrication tolerances, soldering errors of SMD resistors, and
measurement uncertainties. Nevertheless, the overall agree-
ment between the simulated and measured results verifies the

feasibility of the proposed design and the stability of its elec-
tromagnetic performance.
To evaluate the conformal performance of the proposed

metasurface, conformal measurements were carried out under
different bending conditions. As shown in Fig. 11(a), the fabri-
cated sample was conformally attached to a cylindrical surface
with a radius of R = 10 cm as a representative example. The
corresponding PCR, A, and AR under different bending radii
are presented in Figs. 11(b)–(d), respectively. Compared with
the planar state, the PCR exhibits a slight degradation as the
bending radius decreases, while the absorptivity remains nearly
unchanged over the operating band, indicating that the absorp-
tion performance is well preserved under conformal deforma-
tion. In contrast, the circular polarization conversion perfor-
mance exhibits a frequency shift, as evidenced by shifting AR
operating band under bending conditions. These results indi-
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TABLE 1. Comparison with previous works.

Ref.
Unit Size
(λ0)

Thickness
(λ0)

10 dB RCP (GHz) 3 dB AR (GHz) A (GHz) Flexible

[27] 0.16 0.14 - 5.8–20.4 (111.4%) - No
[11] 0.32 0.12 5.50–12.4 (77.1%) 13.50–19.75 (37.6%) for RHCP - No

[15] 0.29 0.08 10.3–15.26 (38.8%)
8.97–9.75 (8.33%),
17.51–23.93 (30.9%)

- No

[25] 0.26 0.10 7.90–14.80 (60.7%) - 3.78–6.34 (50.6%) Yes

This work 0.26 0.09 12.1–15.2 (22.7%)
16.5–17.3 (4.7%) for RHCP
17.7–18.2 (2.8%) for LHCP

4.45–8.46 (62.1%) Yes

λ0: The wavelength corresponding to the lowest center frequency; RCP: Reflective cross polarization.

cate that the proposed metasurface can maintain its multifunc-
tional electromagnetic characteristics under moderate bending,
demonstrating good conformal capability for practical curved-
surface applications.
Table 1 compares the performance of the proposed multi-

functional metasurface with that of previously reported meta-
surfaces. The proposed design exhibits a compact unit size and
a low profile, while maintaining conformal capability owing to
its flexible substrate. Compared with previous multifunctional
metasurfaces, it simultaneously integrates broadband absorp-
tion, linear-to-linear polarization conversion, and dual-band
linear-to-circular polarization conversion within a single pas-
sive structure. Although its circular-polarization bandwidth is
narrower than that of some reported designs, it offers a fa-
vorable balance among multifunctional integration, structural
compactness, and flexibility.

5. CONCLUSION
In this paper, a multifunctional metasurface reflector was pro-
posed and experimentally verified. By integrating a circular
split-ring resonator, X-shaped patch, and lumped resistors into
a single passive structure, three distinct electromagnetic func-
tionalities, including broadband absorption, cross-polarization
conversion, and circular polarization conversion, were realized
without employing any active components or biasing networks.
The proposed metasurface features a compact configuration
and low fabrication costs. In addition, the use of a flexible
polyimide substrate endows the structure with good conformal
capability. Good agreement between the simulated and mea-
sured results validates the effectiveness of the proposed design.
Furthermore, the conformal measurements under bending con-
ditions demonstrate the reliability of the metasurface on curved
surfaces, indicating its potential for electromagnetic manipula-
tion applications involving complex-shaped platforms.
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