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Ultra-Broadband Metamaterial Absorber Based on
Multilayer Resistive Film Frequency Selective Surface

Yue Wang, Mengzhen Yang, Tianze Li, Xinkai Qi, Jun Wang, Shiyin Li, and Lei Zhao*

In this paper, an ultra-broadband metamaterial absorber is proposed

based on multilayer resistive film frequency selective surface (RFSS). Each
dielectric-resistive layer consists of polymethacryimide (PET) and resistive
film, achieving effective absorption through multilayer loss. Both strip-shaped
and square-shaped resistance film layers exhibit significant symmetry.
Simulated results reveal that the —10 dB operating bandwidth of metamaterial
absorber (MMA) is from 1.07 to 11.84 GHz with a fractional bandwidth of
166% and a thickness of only 0.105 4, . It covers the L-, S-, C-, and X-bands with
strong low-frequency absorption to broaden the bandwidth. The equivalent
circuit model is established based on Costa’s model, serving as the theoretical
analysis. Accurate models for each resistive film surface configuration are
derived, modeling the resistive film surface as a series RLC circuit. Additionally,
the designed metamaterial absorber is fabricated and measured in microwave
anechoic chamber, and the measurement results are generally consistent
with the simulated ones, further validating the effectiveness of the design.

1. Introduction

Metamaterial absorbers (MMAs)(!:2] are widely used because they
can effectively attenuate electromagnetic waves in the target fre-
quency range. Recently, frequency selective surface (FSS)3# as
an effective structure for controlling electromagnetic waves has
received extensive attention.

Traditional metamaterial absorbers typically consist of a metal-
lic surface layer, dielectric and metal grounded layers. The Sal-
isbury screen>®! consisted of lossless dielectric spacer with a
resistive screen. The thickness of spacer was ~1/4 wavelength
and placed in front of the metal ground layer. Jang et al.l’]
presented an optically transparent and polarization-independent

Y. Wang, M. Yang, T. Li, X. Qi, . Wang, S. Li, L. Zhao
School of Information and Control Engineering
China University of Mining and Technology
Xuzhou 221116, China

E-mail: leizhao@cumt.edu.cn

Y. Wang

School of Safety Engineering

China University of Mining and Technology
Xuzhou 221116, China

Y.Wang

Yuyao Sunny Intelligent Optical Technology Co., Ltd
Ningbo 315400, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admt.202500785

DOI: 10.1002/admt.202500785

Adv. Mater. Technol. 2025, 10, e00785

€00785 (1 of 10)

microwave absorber by using Al wire gird
to construct the bow-tie array to induce
high ohmic loss, which achieved an ab-
sorption coefficient more than 90% from
5.8 to 12.2 GHz. Although the struc-
tures effectively have reduced the in-
tensity of electromagnetic waves within
specific frequency band, the absorption
bandwidth was narrow and could not
achieve more excellent broadband ab-
sorption. To overcome bandwidth limita-
tions, researchers have introduced mul-
tilayer designs. For example, the Jau-
mann absorber!®! broadened the band-
width by using additional layers. How-
ever, this multilayer approach often in-
creases thickness. Consequently, a trade-
off remains between achieving broad-
band absorption and minimizing thick-
ness.

The microwave band is widely used
in the fields of radar, satellite communications, and wireless
broadcasting, etc, so the research of MMA applied within this
band is of great significance. To achieve broadband absorp-
tion and lower thickness of MMA, researchers have further ex-
plored innovative solutions by combining resistive films with
FSS.101 By replacing the metallic layer in FSS with resistive
film, the electromagnetic loss characteristics can be improved,
leading to better bandwidth, wide-angle performance, and stabil-
ity. For example, a multilayer absorber has been demonstrated
using an equivalent circuit model (ECM), achieving a —10 dB
bandwidth of 176.2% with a thickness of 0.0984,, where A,
refers to the wavelength corresponding to the lowest operat-
ing frequency."!! Similarly, an absorber with a square-loop ar-
ray and lumped resistors has been introduced,!'?] significantly
increasing bandwidth. These results have highlighted the appli-
cation of impedance matching and loss optimization in broad-
band absorbers. Lan H. W. et al.l¥] further showed that com-
bining resistive film with FSS can achieve more than 90% ab-
sorption across the 1.91-20.78 GHz range with a thickness of
0.102 ;. Zheng et al.'* designed an MMA using three differ-
ent structures of resistive film patch arrays, which is capable
of achieving an absorption coefficient more than 90% from 2.2
to 18 GHz with a fractional bandwidth of ~156.4%. Li et al.'®]
proposed a transparent ultra-wideband double-resonance-layer
absorber by using resistive films as frequency selective sur-
faces, which can achieve ultrawide microwave absorption in
the range of 2.00 to 11.37 GHz with a fractional bandwidth
of 140.2%.
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Figure 1. 3-D schematic of the proposed absorber’s unit cell structure.

In this paper, an ultra-broadband metamaterial absorber based
on a multilayer resistive film frequency selective surface (RFSS)
is proposed. The proposed design creatively combines resis-
tive films with FSS and employs a detailed circuit model anal-
ysis of the resistive film layer, which effectively enhances low-
frequency absorption and broadens the absorption bandwidth.
The absorber achieves a reflection coefficient continuously below
—10 dB across the 1.07-11.84 GHz band, with a thickness of only
0.105 A,.

2. Design Consideration

2.1. Unit Cell Structure of the Absorber

Figure 1 shows the 3-D schematic unit cell of the proposed
absorber, which comprises Config-1, Config-2, Config-3, and a
copper grounded plane. Each configuration consists of a poly-
methacryimide (PET) layer, a polymethacryimide (PMI) layer,
and a resistive film layer. The resistive film layer is printed in peri-
odic arrangement on the PET substrate with e = 3.0, tané = 0.061
and the thickness of h,, which has good stability of dielectric con-
stant and loss factor, visible light transmittance and flexibility to
improve mechanical stability and conformability. Each layer is
separated by a PMI foam (e = 1.05, tané = 0.001) with thickness of
hy, h,, and h,, which functions as a lightweight spacer to reduce
interference. The unit cell’s period is denoted as p. The parame-
ters are (mm): p = 20,t,=0.018, h,=14,h,=7,hy=8,h, =0.175,
d,=10,d,=2,g =1, w=194.

2.2. Equivalent Circuit Model (ECM) Analysis of the Proposed
Absorber

The electromagnetic response of the absorbing structure in dif-
ferent frequency bands can be mapped as a set of series or parallel
RLC resonant circuits, and the EMC composed of these circuits
can effectively capture the broadband absorption characteristics
of the absorber. To accurately derive the ECM of the proposed
absorber, each resistive film frequency-selective surface (RFSS)
configuration was analyzed first based on Costa’s ECM, 161 ag
shown in Figure 2.
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Figure 2. The ECM of the square and strip resistance film.

Assuming a vertical electric field orientation, C represents the
equivalent capacitance for gaps between different strips, while L
and R represent the series equivalents for the strips themselves.
The square patch FSS exhibits a capacitive, and the inductance
can be negligible because the electric field is perpendicular to
the patch and no significant current loops are formed at low mi-
crowave frequencies. Therefore, the inductance is substituted by
a short circuit, which simplifies the RLC series circuit to an RC
series circuit. Therefore, the square resistance film (RFSS2) is
equivalent to an RC series circuit. For the single strip resistive
film FSS, the longer strip forms current loops that introduce in-
ductance (L) into the circuit. Thus, the single strip resistive film
FSS is equivalent to an RLC series circuit. Similarly, the strip
resistive films (RFSS1, RFSS3) are initially equivalent to three
RLC series circuits in parallel, with each strip creating its own
inductance and capacitance. These three parallel RLC series cir-
cuits are then connected in series with a capacitor (as the strips
are oriented perpendicular to the electric field), and subsequently
in parallel with another identical circuit that has a symmetri-
cal structure. Ultimately, the entire configuration of RFSS1 and
RFSS3 is represented as an RLC series circuit. The resistance R,
inductance L and capacitance C in the RLC circuit are closely
related to the loss mechanism, electromagnetic coupling effect
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Figure 3. The ECM of the proposed MMA.
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Table 1. Comparison of Theoretical and Optimized Values of RLC.

www.advmattechnol.de

Component R,[Q] R,[€] R;[Q] G, [fF] G,[fF] G5[fF] Ly[nH] L3[nH]
Theoretical Value 666.67 212.56 266.67 46.48 408 46.48 13.67 13.67
Optimized Value 666.67 212.56 266.67 46.48 520.5 30.2 13.67 13.67

1S1,/(dB)

—— Full wave simulation
—— Equivalent Circuit Model
_300 1 1

4 8 12
Frequency(GHz)

Figure 4. Comparison of |S;;| curves from CST simulation and ADS opti-
mization.

and structural resonance, and the circuit impedance can be regu-
lated by adjusting their values to realize that the input impedance
matches well with the free-space impedance (=377 Q) within
operating band in order to achieve the minimum reflection.
Figure 3 shows the simplified ECM of the proposed MMA,
based on the above ECM of the resistive film frequency-selective
surface. The ECM of MMA consists of three key components:
RFSS1, RFSS2, and RFSS3. Each RFSS layer is represented by its
corresponding equivalent circuit elements, including resistances
(Ry, R,, and R;), capacitances (C;, C,, and C;) and inductances
(L;, Ls). By cascading the design of multiple series or parallel RLC
resonant loops, multiple resonant peaks can be superimposed to
form a continuous broadband absorption region. Especially at the
band edge, the circuit generates an auxiliary resonance or tran-
sition response that can effectively enhance the absorption effi-
ciency.

From Figure 3, the grounded substrate is represented by
the short-circuited transmission line. Notably, the impedance of
Zgrss is a pure real value, dominated by resistance, effectively dis-
sipating electromagnetic energy. In contrast, the grounded sub-
strate’s impedance Z,, is complex due to the imaginary compo-
nent (je’,), reflecting its ability to store and release energy. This
can be expressed using the relative permittivity e; = ¢’; — je'’;,
as expressed in the following Equation (1):[2%]

Zoy, = Zy - \/1/, - tanh {j (2zfh/c) - \/e_l} (1)

where fpresents the operating frequency, h is the absorber thick-
ness, Z, is the air impedance, and c is the light speed.
To better match the input impedance of our absorber with free-
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space wave impedance, we introduced reactance components
into Zypgs, as shown in Equation (2). The impedance of the RFSS
can be expressed as a series-connected RLC circuit.

[ 1—w?lC
Zprss=R—] (T) (2)

where w is the angular frequency, R, L, and C represent the equiv-
alent resistance, inductance, and capacitance, respectively.

The reactive components, Im(Zgggs) of the resistive film fre-
quency selective surface (RFSS) and Im(Z,,) of the grounded di-
electric slab are connected in parallel. Im(Z,,) can be expressed
as Equation (3):

_ Im (ZRFSS) - Im (Zsub)
Im (Zppss) + Im (Z,,)

Im (Zm) (3)

To further analyze the impedance behavior of the RFSS lay-
ers, we derived the individual equivalent circuit parameters for
R, C, and L. The equivalent resistance R can be calculated as the
following Equation (4):

RrRg- S 4

where R, is the surface resistance, S is the surface area of a unit
cell, and A is the surface area of the lossy element within a single
unit cell.

The capacitance C is determined by the length of the line
where charge accumulates at the edge of the resistive film and

0 ~]
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Figure 5. Absorption performance of absorbers with different layer con-
figurations.
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Figure 6. a) |S;;| curves for different polarizing angles. b) |S;;| curves for different incidence angles in (a) TE and (b) TM modes.

can be expressed using Equations (5) and (6) for an ideal parallel

plate capacitor:121:?2]

g &S

d

r

C=

S=1-d,

®)
(©)

Here, ¢, denotes the vacuum permittivity, €, denotes the
relative permittivity, S is the plate area of the capacitor, d is

|S,,[>-10dB

¥ ——d,=7Tmm

First resonance point

——d,=8mm

-30r ——d,=9mm
——d,=10mm
“% 4 8 12
Frequency(GHz)

(a)

Figure 7. |Sy;| curves for different values of (a) d; and (b) R
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the plate spacing, and the thickness of the conductive patch
dg = 0.175 mm. These parameters determine the value of capac-
itance together.

At the same time, the inductance L is associated with the wire
length carrying current across the resistive film surface, as shown
in Equations (7) and (8):

Ho * Hy® l
[ =2 "1 7
z-In(d;-1) ¢
0
|S;;>-10dB
-10F 9 o o a2
m -20r
2
w5 -30f
-40F ;
—= —— R.=200Q
Second resonance point
-0 5 8 12
Frequency(GHz)
(b)
(4 of 10) © 2025 Wiley-VCH GmbH
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Figure 8. Electromagnetic responses of the proposed absorber under normal incident waves at 1.45 GHz. a) and (b) show the electric field distribution,
and magnetic field distribution, respectively. c—e) show the surface current relationships among the surface resistive film layers in Config-1, Config-2,

Config-3, and the copper grounded plane, respectively.

) 1/2
. (’ fR) ®)

Here, u, and u, denote the vacuum permeability and the rel-
ative permeability, respectively. r denotes the effective radius
based on the same cross-sectional area through which the cur-
rent flows. | denotes the length of the current line. Together,
these parameters determine the value of inductance. Each RLC
component parameter is obtained through the derivation of
equations for structural dimensions, resistivity, and capacitive
coupling length, which establishes a clear relationship with
the specific resistive film shape, dielectric thickness, and other
physical parameters, thus providing good interpretability and
predictability.

From above equations, the values for the equivalent RLC
components were calculated as follows: R, = 666.67 €,
R,= 21256 Q, R, = 266.67 Q, C, = C, = 46.48 {F, C, = 408 fF,
L, = L;=46.48 nH. The RLC model consisting of these compo-
nents allows each resonant unit to form a synergistic absorption
in different frequency bands, especially in the fringe bands,
where the superposition of the responses of multiple RLC

Adv. Mater. Technol. 2025, 10, e00785
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units improves the impedance continuity and thus maintains
a good absorption performance and weakens the rebound of
reflectance.

2.3. Full-wave Simulation and Equivalent Circuit Results

To verify the correctness of the calculated values of the ECM, ADS
software was employed to optimize the |S;; | curve of ECM. It can
be observed from Figure 4 that the |S;;| curve derived from the
RLC model is generally slightly higher than the CST simulation
curve within the operating band frequency band of 1-12 GHz,
whereas it is slightly lower near the edges of the frequency band,
and the resonance points obtained by ADS calculations are basi-
cally consistent with the resonance points of the full-wave sim-
ulation, which indicates that the RLC equivalent circuit model
captures the absorber’s broadband behavior well.

The comparison of theoretical and optimized values of RLC
is presented in Table 1. It can be seen that there is high consis-
tency between the theoretical and optimized values, indicating
the accuracy of the proposed ECM. However, it should be noted
that there are some discrepancies between the theoretical and

© 2025 Wiley-VCH GmbH
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Figure 9. Electromagnetic responses of the proposed absorber under normal incident waves at 6.3 GHz. a) and (b) show the electric field distribution,
and magnetic field distribution, respectively. c—e) show the surface current relationships among the surface resistive film layers in Config-1, Config-2,

Config-3, and the copper grounded plane, respectively.

optimized values for the equivalent capacitance C, and C;. This
may be attributed to the complexity of the electromagnetic en-
vironment, leading to significant coupling between RFSS layers
and affecting the equivalent capacitance.

The full-wave simulation |S;;| curve has two distinct reso-
nance points as well as a smoother resonance point, as shown
in Figure 4. Analyzed for the absorption bands 1-12 GHz, the in-
fluence of resonance points generated by different layers on the
absorption characteristics was discussed. With only RFSS1, the
absorption curve generates the first resonance point at 4.9 GHz,
but the absorption performance is poor. Typically, the absorption
performance of a single-layer absorber is limited. By adding the
RFSS2 layer, two resonance points at 1.7 and 9.7 GHz are in-
troduced, and it can achieve more than 90% absorption in cer-
tain frequency band. However, it is not able to maintain high
absorption in a continuous frequency band. After the RFSS3
layer added, a third resonance point appears, which further
broadens the absorption bandwidth. Absorption performance
of absorbers with different layer configurations are shown in
Figure 5. The introduction of multiple resonant points through
the superposition of multi-layer structure can achieve broad-
band absorption. However, there is a trade-off between achiev-
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ing broadband absorption and minimizing thickness, leading
to the selection of a three-layer structure. Moreover, the resis-
tive film FSS structure improves impedance matching and ef-
fectively enhances absorption at different frequencies. Therefore,
the combination of the resistive film FSS and the multi-layer
structure introducing resonant points achieves ultra-broadband
absorption.

3. Absorption Characterization

3.1. Multi-Angle Absorption Analysis

The polarization sensitivity and stability of oblique incidence is
crucial for studying absorbers and serves as an important crite-
rion for evaluating their effectiveness. Figure 6a shows the sim-
ulated |S;;| curves at different angles of polarization. It is obvi-
ous to see that the change of polarization angle has almost no
effect on the |S;| curve, so the absorber has polarization insen-
sitivity. Figure 6b shows the simulated |S;;| curves at different
incidence angles for TE and TM modes. In TE mode, the reflec-
tion loss of the absorber gradually decreases as the incidence
angle increases from 0° to 55°. Meanwhile, the |S;,;| remains

© 2025 Wiley-VCH GmbH
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Figure 10. Electromagnetic responses of the proposed absorber under normal incident waves at 10.74 GHz. a) and (b) show the electric field distribution,
and magnetic field distribution, respectively. c—e) show the surface current relationships among the surface resistive film layers in Config-1, Config-2,

Config-3, and the copper grounded plane, respectively.

Figure 11. Measurementenvironmentand the fabricated sample of MMA.
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approximately below the —7 dB (i.e., 80% absorption). As the inci-
dence angle increases, the absorption in TM mode outperforms
that in TE mode.[?)] Figure 6¢ shows that the |S,,| remains be-
low —10 dB within the 60° incidence angle. However, the absorp-
tion bandwidth of the absorber increases notably with changes in
the angle in contrast to the TE mode. In summary, the proposed
MMA demonstrates excellent stability and insensitivity up to 75°
(absorption > 50%).

3.2. Parameter Analysis

The impact of the resistive film’s resistance and size was explored
based on the simulation and circuit analysis results. These factors
affect the absorption of electromagnetic energy. The key struc-
tural parameters length d, of the single-strip resistive film and
resistive film resistance R, was analyzed.

From Figure 7a, it can be seen that the first resonance point
of the curve shifts to lower frequencies while the second reso-
nance point shows deeper absorption as d, increases. The reso-
nance tendency can be explained by f = 1/27y/LC,22 com-
bined with Equations (5-8). The values of inductance L and
capacitance C increase with d, increasing, leading to the first

© 2025 Wiley-VCH GmbH
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Figure 12. Comparison results of the measured and simulated |S;;| curves at different incidence angles in (a) TE and (b) TM modes.

resonance point shifting to lower frequencies. For the second res-
onance point, the depth of the |S;; | curve increases as the values
of L and C increase, due to the strengthening of energy storage
and dissipation. Overall, the optimal value of d, is determined to
be 10 mm.

To clearly show the RFSS layer’s ability to effectively absorb
electromagnetic energy, Figure 7b presents the |S;| simulation
curves for different values of R;. From the Equations (2) and (4),
the equivalent resistance R and the impedance Z,¢¢ increase
as R, increase. The system becomes more resistive as R in-
creases, causing the resonance frequency to shift to higher fre-
quencies. This is due to the increased resistance dampens the
resonance, lowering the Q-factor and broadening the resonance.
Additionally, the increased energy dissipation reduces the reso-
nance depth. Consequently, the optimal value of R; is determined
to be 160 Q sq~!.

3.3. Absorption Mechanism of the MMA

To provide a better understanding of the absorption mechanism
of the overall structure, the electric field, the magnetic field, and
surface current distribution at the resonance peeks of 1.45, 6.3,
and 10.74 GHz were explored, as shown in Figures 8, 9, and 10,
respectively.

The electromagnetic responses under normal incident waves
at 1.45 GHz resonance frequency are shown in Figure 8. From
Figure 8a, the electric field is primarily centered around each re-
sistive film frequency selective surface, indicating that an equiv-
alent capacitance(C) is formed between the adjacent cells. Sim-
ilarly, the magnetic field is primarily dispersed inside each re-
sistive film, as shown in Figure 8D, indicating that the resis-
tive film could be regarded as an equivalent inductor(L). From
Figure 8c—e, the surface current distribution of each configura-
tion layers combines with the copper grounded plane. For Config-
1 (in Figure 1), each resistive film layer produces an opposite cur-
rent to the copper grounded plane, which cause strong magnetic
resonance. However, the Config-2 and Config-3 (in Figure 1) have
the same direction, which strengthens the electrical resonance.

From Figure 9, the electric field, and magnetic field distribu-
tions at the frequency resonance point of 6.3 GHz are similar to
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those at 1.45 GHz. The difference is that part of Config-1 and
Config-3, each resistive film layer produces the same current to
the copper grounded plane, which strengthens the electrical reso-
nance. In contrast, in Config-2 and the other part of Config-1, the
currents flow in opposite directions, resulting in strong magnetic
resonance.

From Figure 10, at the resonance frequency of 10.74 GHz, the
magnitude of its electric and magnetic field strengths is smaller
compared to the previous two resonance points, resulting in a
lower absorption rate at this frequency. The current distribution
is exactly the same as that at the resonance point of 1.45 GHz.
In summary, the electric and magnetic resonances generated
by different layers collectively enhance the absorption effective-
ness at the high-frequency resonance point. This synergistic ef-
fect not only improves overall absorption performance but also
contributes to achieving broadband absorption and effective elec-
tromagnetic shielding. By leveraging multiple resonant mecha-
nisms, the structure ensures better impedance matching and en-
ergy dissipation, ultimately leading to a more efficient and wide-
band absorber.

4. Experimental Verification

To validate the correctness of the simulated results of the pro-
posed MMA (300 x 300 mm surface area), the design was fab-
ricated and the reflection coefficient was measured. The mea-
surement environment and the processed sample to be tested are
shown in Figure 11. The measured results conducted by a pair of
standard wideband horn antennas working in 1-18 GHz, which
are used as the transmitting and receiving devices. The VNA used
in the experiment is Keysight E5063A, which has a a maximum
measurement frequency of 18 GHz, a dynamic range of greater
than 117 dB, a trace noise as low as 0.015 dB, and the fastest 201-
point scan time of ~#9 ms. The two horn antennas are connected
to the two ports of the VNA, respectively, and the sample is placed
at a distance of ~3 m from the antennas(The calculated distance
that satisfies the far-field condition is 2.857 m).

Figure 12a,b show the sample’s measured and simulated |S,|
curves at different incidence angles in TE and TM modes, respec-
tively. On the surface of the test results, the reflection coefficient
< —8dB (i.e., absorption >80%) can be achieved within incidence
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Table 2. Performance comparison of some broadband microwave absorbers.
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Refs. Bandwidth Relative Thickness FBW Polarization Angular stability
[GHZ] thickness [1,] [mm] [>90%)] insensitivity [>80%]

[27] 2.79-20.62 0.115 12.35 152 Yes 60°

[28] 1.64-18.52 0.143 26.1 167 Yes 45°

[29] 7.6-24.5 0.119 15.2 105 Yes 50°

[30] 3.6-24.6 0.15 12.5 149 Yes 50°

Our work 1.07-11.84 0.105 29.525 166 Yes 55°

angles up to 30° in both TE and TM modes. Additionally, even at
an angle of incidence of 45°, the reflection coefficient is below
—7 dB, and the absorber maintains an absorption of more than
70%. The magnetic field strength decreases as the incidence an-
gle increases in TE mode. Additionally, the electric field strength
also decreases with the increasing incidence angle in TM mode,
but the absorption performance is less affected by changes in the
electric field strength. In a word, the absorber maintains greater
than 70% absorption at incidence angles within 45° in both TE
and TM modes, providing an excellent wide-angle absorption per-
formance. The measured results basically consist with the reso-
nance points of the simulation results, and the errors are mainly
in the absorption depth. The discrepancies between experimen-
tal and simulation results are attributed to factors such as the
uneven resistance value of the processed resistive film which is
most likely caused by uneven paste or target material, unstable
spinning speed during screen printing and the influence of am-
bient temperature and humidity, and the finite size of the sample
as well as the noise interference in the laboratory, however, the
measured results are in agreement with the simulated results to
a large extent.

Table 2 summarizes the performance comparison of existing
broadband microwave absorbers. It is seen that the ref. [27] pro-
posed the absorber with good angular stability, but their fractional
bandwidth and low-frequency absorption capabilities are inferior.
refs. [28-30] proposed with thinner overall structures compared
to our work. However, our work performs better in fractional
bandwidth, low-frequency absorption, and angular stability, mak-
ing it more suitable for broadband applications. In conclusion,
our work achieves an excellent balance between ultra-wideband
absorption, low-frequency absorption, and angular stability. This
provides significant advantages over most existing designs, mak-
ing it well-suited for applications in stealth technology and other
related fields.

5. Conclusion

In this paper, an ultra-broadband metamaterial absorber based
on multilayer resistive film frequency selective surface is pro-
posed. Full-wave simulation and measurement were carried out
for validation of the structure. The experimental results present
that the metamaterial absorber (MMA) achieves a —10 dB band-
width ranging from 1.07-11.84 GHz at normal incidence. The
absorption range of the proposed MMA almost covers the L-, S-,
C-, and X-bands. Moreover, the fractional bandwidth of the ab-
sorber is 166% and its thickness is only 0.105 A,. The absorp-
tion rate remains above 80% for both TE and TM polarizations
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within 55° incidence angles. Moreover, the measured results of
the absorber agree well with the simulated ones, indicating that
the proposed structure can be widely used in stealth technology
and other related fields.
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