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ABSTRACT: With the increasing use of radar technology across various fields, electromagnetic pollution has become a growing concern,
posing significant risks to human health. Consequently, there is a rising interest in developing wearable, flexible fabric-based absorbers
that can efficiently absorb electromagnetic waves. However, the low dielectric constant of fabrics makes it challenging to achieve high
absorption rates and broad bandwidth at low frequencies. To address this issue, in this study, we introduce a fabric-based broadband meta-
material absorber using felt as the dielectric substrate. The absorber features a centrosymmetric square block array design, incorporating a
PU conductive film as the surface resonant material. By fine-tuning the parameters of each component in the absorber’s equivalent circuit
and optimizing structural parameters, the absorber achieves an extended bandwidth from 3.92 to 15.25 GHz, with a relative absorption
bandwidth of 118.21%. Impressively, in the lower frequency C-band, the absorber maintains an efficiency of over 95%. The absorber
was fabricated using the “cut-transfer-paste patterning method.” Testing results demonstrate that it is insensitive to incident angle and
polarization and retains excellent absorption performance even when being bent.

1. INTRODUCTION

The advancement of technology has led to the widespread use
of low-frequency radars in various fields, resulting in in-
creased electromagnetic pollution [1]. This pollution has been
linked to a higher risk of cancer, especially for those work-
ing or living near radar stations. The World Health Organi-
zation (WHO) has long recognized this issue as a significant
health concern. Traditional electromagnetic protection equip-
ment, developed through conventional methods, often struggles
with high costs, complex manufacturing processes, and limited
absorption bandwidths [2—4].

Since Landy et al. first proposed metamaterial absorbers in
2008 [5], absorbers have attracted considerable attention for
their efficiency, thinness, and ease of fabrication. Recent re-
search on wearable metamaterial absorbers has primarily fo-
cused on designs using thin-film organic substrates, showing
promising results [6-9, 19]. However, the weight, poor flexibil-
ity, and lack of breathability associated with organic materials
limit their effectiveness in wearable electromagnetic protection
equipment.

Fabric-based metamaterial absorbers provide enhanced flex-
ibility and breathability for wearable applications. However,
the low dielectric constant of fabrics impacts the characteristic
impedance of the dielectric layer, leading to reduced absorption
rates at low frequencies [10]. Consequently, designing broad-
band metamaterial absorbers that achieve high absorption rates
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at low frequencies remains challenging, attracting considerable
research interest.

Lee et al. used screen printing technology to apply silver
conductive ink on fabric, creating a wearable metamaterial ab-
sorber with high absorption at 10.8 GHz [11]. Yang et al. uti-
lized a computerized embroidery machine to embroider silver-
coated nylon threads onto scuba knit fabric, achieving a 99%
absorption rate at 2.39 GHz [12]. Similarly, Tak and Choi em-
broidered conductive metalized nylon fabric onto felt, creat-
ing a flexible absorber with two absorption peaks greater than
90% at 9 and 9.85 GHz; this absorber maintained high absorp-
tion rates even when being bent, though its relative absorption
bandwidth was only 18.9% [13]. Sen et al. designed a dual-
band absorber based on fabric, achieving absorption at 6.18
and 10.77 GHz, with a relative absorption bandwidth o 39.53%
at high frequencies [14]. Yang et al. proposed a metamaterial
absorber composed of a resistor film pattern, scuba knit fab-
ric, and metalized fabric, achieving broadband absorption in
the 8.9-15.2 GHz and 11.2-24.1 GHz ranges by adjusting the
resistance of the resistor film [15]. Singh et al. used screen
printing technology to print periodic patterns on plain and twill
fabrics, designing absorbers with over 90% absorption in the
7.39-18 GHz range [16]. Celenk et al. designed a metamate-
rial absorber composed of conductive fabric and felt, achieving
broadband absorption in the 13.1-31.13 GHz range [17]. Al-
though significant progress has been made in extending the ab-
sorption bandwidth of fabric-based metamaterial absorbers, ef-
fective low-frequency absorption and bandwidth enhancement
remain underexplored.
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Building on previous research, we propose a low-frequency,
wearable broadband metamaterial absorber made from textiles.
The design utilizes a soft, highly conductive PU film as the sur-
face resonant material. The surface pattern, comprising two
sets of square structures, extends the bandwidth through res-
onance peak superposition. This absorber is soft, breathable,
cost-effective, and easy to fabricate, fully covering the C- and
X-band frequencies. A physical sample of the broadband ab-
sorber was fabricated and experimentally validated in a mi-
crowave anechoic chamber, with results aligning well with the
theoretical expectations.

2. STRUCTURAL DESIGN AND SIMULATION ANALY-
SIS

2.1. Structural Design

The proposed fabric-based broadband metamaterial absorber
(FBBMA) consists of three main components: a frequency-
selective surface, a dielectric layer, and a metallic ground plane.
The dielectric layer, made of felt, has a dielectric constant ()
of 1.9 and a loss tangent of 0.045. The frequency-selective sur-
face comprises nine squares of three different sizes, utilizing
a PU conductive film as the conductive material. In the sim-
ulation, this film is modeled as a sheet resistor with a square
resistance (Rs) of 100 Q2/00. The structure and parameters of
each component are detailed in Fig. 1.

h
FIGURE 1. Unit model of the proposed FBBMA.

To thoroughly explore the electromagnetic wave absorption
mechanism of the proposed FBBMA, an equivalent circuit
model was constructed, as shown in Fig. 2. Efficient absorp-
tion by metamaterial absorber relies on the impedance matching
mechanism, which was analyzed with the FBBMA’s absorp-
tion performance. Impedance matching maximizes the entry
of electromagnetic waves into the medium layer, thereby mini-
mizing reflection and transmission. The input impedance (Z;,,)
of the FBBMA can be calculated as follows:

Zi . Zsub*ZFSS

n= (1)
Zsub+ZFSS

The characteristic impedance of the felt medium is
given by Zg,=wpo/ksup, and its propagation constant is
ksub= wy/€0€subfto- Here, w is the angular frequency of the

20

Zin . ?
R L GG L,
| R PSS A

R: I C, L,
L &

Rl G R L ) Ca IR
T S | Rl

i ]

Ground Plane 1

<1 Ry
o —

Lirss

FIGURE 2. Equivalent circuit diagram.

electromagnetic wave, while ¢ and o are the permittivity
and permeability of free space, respectively. The dielectric
constant of the felt medium is denoted as eg,,, and the
characteristic impedance of the frequency-selective surface is
referred to as Zrgg. Each of the four branches in the circuit
can be simplified as an RLC series circuit. Therefore, the
characteristic impedance of the frequency-selective surface can
be calculated using the equivalent circuit model, as follows:

1
ZFSS:z:i
g=1"/

In this context, Zj[; 4) represents the equivalent impedance
of the j-th branch formed by four RLC series circuits connected
in parallel; Z; can be calculated as follows:

2

1
Zj ZRJ‘-F*. +jOJLj 3)
wlj

jwC
The reflection coefficient serves as a critical indicator of ab-
sorber performance. When electromagnetic waves strike the
absorber’s surface, the reflection coefficient I' can be deter-
mined as follows:
Zin—10o
Zin+M0
Here, Z;,, denotes the input impedance of FBBMA, and 7 de-
note the wave impedance of free space, both normalized. Fol-
lowing this normalization, the reflection coefficient can be cal-
culated as follows:

“)

Zin—1

Zin+1

)

In the equation, Z;,= r + ja represents the normalized
impedance of FBBMA. According to Equation (5), achieving
a reflection coefficient I' approaching zero requires the Z;,, to
approach unity. The Z;,, can be calculated as follows:

Z. — (1+511)27S§1 (6)
(1-811)*— 53,

Efficient absorption is only achievable when the real part of
Z;» approaches 1, and the imaginary part approaches 0. The re-
flection coefficient S, directly determines these real and imag-
inary parts of the normalized impedance.
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FIGURE 3. (a) Reflection coefficient graph obtained from equivalent circuit simulation using ADS. Changes in the reflection coefficient caused by

structural variations in each unit: (b) 1, (c) I2, (d) I3.

TABLE 1. Equivalent circuit parameters.

Ri (ohm) | R; (ohm) | R3 (ohm) | R4 (ohm) | C; (pF) | C: (pF) C; (pF)
48.16 58.01 250.51 36.54 0.17731 | 0.370063 | 0.016092

Cs4 (pF) L; (nH) L, (nH) L3 (nH) Ls (nH) | Ls (nH) Le (nH)

0.186014 1.9655 1.254 1.7576 16.685 0.5499 0.7127

2.2. Structural Optimization and Simulation

S11 is influenced directly by various parameters within the unit
structure, which are derived using an equivalent circuit model
in this study. Variations in the capacitance and inductance val-
ues within each branch cause shifts in resonance peaks, which
are distributed evenly across the absorption band to optimize
absorption. Additionally, resistance values are adjusted appro-
priately to enhance the amplitude of these resonance peaks. De-
tailed parameters of the equivalent circuit components are listed
in Table 1, and simulation results are depicted in Fig. 3(a).
Based on the obtained component parameters, the structure
parameters were optimized within a specific range. As depicted
in Fig. 3(b), reducing /1 decreases the capacitance values of
C3 and C4, causing a blue shift in the absorption band. As
depicted in Fig. 3(c), increasing (2 increases the capacitance
value of C1, causing both a red shift in the resonance peak and
weakening of the superposition resonance effect with adjacent
high-frequency resonance peaks. As depicted in Fig. 3(d), a
decrease in /3 reduces the capacitance values of C1 and C2,
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leading to a blue shift in the resonance peak and a weakened
absorption effect of FBBMA in the low-frequency range.

The final optimized structural parameters are o = 5mm,
1 15mm, [2 = 8mm, [3 17mm, d = 22.5mm,
and p = 60mm. The reflection coefficient S1; was obtained
through simulation, and the absorption rate A(w) can be calcu-
lated as follows:

, , (7
=1—|511]" — [Sa|

The reflectance and transmittance are denoted as R(w) and
T(w), respectively. It is generally assumed that T'(w) =S21=0
because the metal grounding plate of the sample is much thicker
than the skin depth of the electromagnetic wave. The curves of
S11 and absorption rate A(w) obtained are presented in Fig. 4.
The proposed FBBMA achieves effective absorption rates ex-
ceeding 90% within the frequency range of 3.92 to 15.25 GHz.
This absorption band spans the S, C, X, and Ku bands, result-
ing in a relative absorption bandwidth of 118%, demonstrating
excellent broadband absorption capabilities.
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FIGURE 4. Reflection coefficient and absorption rate curves.

2.3. Absorption Mechanism Analysis

Based on Equation (6), the normalized impedance curves of the
real and imaginary parts are shown in Fig. 5. Within the absorp-
tion band, the real and imaginary parts approach 1 and 0, re-
spectively, indicating impedance matching with the free-space
impedance.

To broaden the absorption bandwidth, the technique of reso-
nant peak superposition was employed. The FBBMA consists
of two sets of structures, as depicted in Fig. 6. These struc-
tures generate resonant peaks around 4.895, 10.044, 12.25, and
7.46 GHz. These structures, when being combined, result in
absorption peaks at these four resonant frequencies.

(dB)

Reflection coefficient

. — Complete ,structure

3 4.895 7.46 10.b441%f25 4 16

Frequency (GHz

FIGURE 6. Two sets of structures and corresponding reflection coeffi-
cient curves.

Metamaterial absorbers efficiently absorb electromagnetic
waves due to the excellent conductivity and high sheet resis-
tance of the PU conductive film. When electromagnetic waves
hit the absorber surface, significant resonant and Ohmic losses
occur. In this study, we have focused on analyzing the current
and electric field distributions at 4.9 GHz in the TE mode. As
depicted in Fig. 7, the current predominantly flows along the
left and right sides of the square structure with side lengths /1
and [3. This current alignment results in substantial Ohmic loss
and induces inductive characteristics. Moreover, the high elec-
tric field intensity at the upper and lower edges of the square
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FIGURE 5. Curves of the real and imaginary parts of the normalized
impedance.

structure with side lengths /1 and [2 causes a significant charge
accumulation, leading to strong resonant loss and capacitive
characteristics. The combined inductive and capacitive effects
excited by the electromagnetic waves induce a robust resonance
at 4.9 GHz in the absorber.

2.4. Characterization of Absorbers

The reflection coefficient and absorption rate curves of the
FBBMA under both TE and TM polarization waves are de-
picted in Fig. 8. It is evident that neither the reflection coeffi-
cient nor the absorption rate is influenced by the polarization
mode of the incident wave, demonstrating that the designed
FBBMA is polarization-insensitive.

Additionally, the effect of large-angle incidence on the ab-
sorption rate was investigated, as illustrated in Fig. 9. While
increasing the incidence angle does affect the absorption rate,
it remains above 90% across a broad frequency band for inci-
dence angles up to 30°. Even at 45°, the absorption rate stays
above 85%, confirming that the proposed FBBMA demon-
strates angle insensitivity.

Given the operational demands of the sample in specialized
environmental conditions, this study conducts a detailed sim-
ulation and analysis of the effects of temperature and humid-
ity on the electromagnetic absorption performance of FBBMA.
The selected PU conductive film and felt material demonstrate
stable physical properties, with their electrical characteristics
showing minimal sensitivity to temperature within the range
tolerable by the human body. Although variations in environ-
mental humidity can influence the conductivity of the felt ma-
terial, this effect remains insignificant. Thus, it is more perti-
nent to assess the impact under extreme conditions, specifically
when the FBBMA dielectric layer is fully saturated with rain-
water of a certain conductivity. The corresponding effect on the
reflection coefficient is thoroughly evaluated, with the results
depicted in Fig. 10(a). Fig. 10(b) provides a more comprehen-
sive and intuitive illustration of the variations in the reflection
coefficient. These findings suggest that environmental humid-
ity has a negligible influence on the electromagnetic absorption
performance of the FBBMA, even under severe conditions.
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FIGURE 8. Polarization insensitivity characteristic curve.
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FIGURE 12. Fabricated sample.

3. SAMPLE PREPARATION AND EXPERIMENTAL
TESTING

3.1. Preparation of Samples

In this study, samples consisting of 4 x 4 structural units mea-
suring 260 mm x 260 mm were created using the “cut-paste-
transfer pattern method,” as illustrated in Fig. 11. Initially, a PU
conductive film was secured onto low-viscosity tape to prevent
positional shifts during the laser cutting. Precise control over
laser power and cutting speed was maintained to prevent metal
shrinkage due to high temperatures and ensure clean cuts. Af-
ter cutting, excess material was carefully removed. Since the
PU conductive film cannot directly adhere to the felt substrate,
a heat-transfer TPU film was used as an adhesive medium. The
TPU film was heat-pressed onto the felt substrate at 150°C for
10's using a heat press machine. Subsequently, the patterned
PU conductive film, along the TPU film, was placed over the
felt substrate and heat-pressed at 150°C for 30s. Following
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FIGURE 13. Samples with antennas in a darkroom.

this, the low-viscosity transfer tape was removed. To ensure
uniform heat distribution and prevent melting, and the PU con-
ductive film and TPU film were covered with a layer of paper
during the heat-pressing process.

A thin, flexible copper tape was selected as the metal ground-
ing material and adhered to the back of the felt substrate using
its adhesive properties. The final sample is depicted in Fig. 12.

3.2. Measured in a Darkroom

S11 parameter was measured using a network vector analyzer
(KEYSIGHT N5247B) and two double-ridged horn antennas
operating in the 2—18 GHz frequency range. The measurements
were conducted in a microwave anechoic chamber using free-
space test method. To ensure accurate measurements, the angle
between the transmitting and receiving antennas was kept be-
low 10°, and the distance d between the antenna and the sample
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TABLE 2. Previous related research.

Ref. Absorption bands/GHz | Relative Bandwidth | Cost | Wearable | Breathability

[15] 8.9~ 152/11.2 ~24.1 52.28%/73.09% low Yes Yes

[16] 7.39 ~ 18 83.58% Med. Yes Yes

[18] 6.3 ~ 14.2 77.07% High No No

[19] 7.88 ~ 18.01 78.25% High Yes No

[17] 13.1 ~ 31.13 81.53% Med. Yes Yes
This work 3.92 ~ 15.25 118.21% low Yes Yes

adhered to the far-field condition specified in Equation (8):

2
dZ2D

: ®)

where D represents the sample size, and A denotes the wave-
length. For this study, the distance between the sample and the
antenna should be no less than 1.05 m. The setup of the sample
and antenna within the microwave anechoic chamber is illus-
trated in Fig. 13.

Initially, the reflection coefficient and polarization-
insensitive characteristics of the sample were measured and
validated, with the results presented in Fig. 14. The reflec-
tion coefficient obtained via the free-space method closely

25

aligns with the simulation results, confirming the sample’s
polarization insensitivity.

Following this, experiments were conducted to confirm the
sample’s insensitivity to the angle of incidence. As depicted in
Fig. 15, the sample maintains an absorption rate of over 90% for
incidence angles up to 30°. Even at an incidence angle of 45°,
the absorption rate decreases but remains above 80%. These
experimental findings closely correspond with the simulation
results, thereby validating the designed FBBMA'’s insensitivity
to the angle of incidence.

The flexibility of the sample was also assessed, as illustrated
in Fig. 16. As the bending radius (1) decreases, the degree of
bending increases. Absorption rates were measured and cal-
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culated for samples with bending radii values of 17, 19, and
21 cm. While the absorption rate shows a slight decrease under
bending conditions, it remains above 90%, with only minimal
reduction in absorption bandwidth. This underscores that the
proposed FBBMA maintains high absorption efficiency even
when being subjected to bending.

To highlight the superiority of the designed metamaterial
absorber, we compare it with previously obtained absorbers in
terms of absorption bandwidth, relative bandwidth, and cost-
effectiveness, as detailed in Table 2. The proposed FBBMA
demonstrates efficient absorption at lower frequencies and
boasts a larger relative bandwidth. Its excellent flexibility
and breathability enhance its wearability. ~Moreover, the
fabrication process utilizes inexpensive materials like felt and
PU conductive film, employing laser cutting machines and
heat presses, ensuring low cost and ease of manufacturing.

4. CONCLUSION

In this study, we present a flexible metamaterial absorber based
on fabric, employing a PU conductive film as the surface res-
onant material. The absorption bandwidth is expanded using
resonance peak superposition, achieving efficient absorption
through the induced Ohmic and resonance losses. Simulation
results demonstrate that the proposed FBBMA achieves over
90% broadband absorption within the 3.92—15.25 GHz range.
This operational frequency range spans the S, C, X, and Ku
bands, with a remarkable relative absorption bandwidth up to
118.21%.

Furthermore, the FBBMA sample was fabricated using the
“cut-paste-transfer pattern method” and tested in a microwave
anechoic chamber. The experimental results closely match the
simulation, confirming consistent high-efficiency absorption of
electromagnetic waves across a 45° incident angle range. The
sample exhibited consistent absorption performance under both
TE and TM polarization modes, showcasing its polarization-
insensitive properties. Additionally, the flexibility of the pro-
posed absorber sample was confirmed, suggesting that the sam-
ple retained its softness and excellent absorption performance
even when being bent.

In summary, the proposed FBMA offers significant advan-
tages including broad absorption bandwidth, suitability for low-
frequency bands, flexibility, cost-effectiveness, and ease of fab-
rication. These qualities position it as an innovative solution for
wearable electromagnetic protection equipment.
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