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Absorber materials are developed to reduce electromagnetic radiation and ensure the compatibility

of the operation of electronic equipment in environments subject to interference. This work presents
the development of a low-cost textile electromagnetic absorber for 4G and 5G technologies, operating
at frequencies of 2.5 GHz and 3.5 GHz. The proposed electromagnetic absorber utilizes a 1 mm-thick
Denim substrate, with a graphite composite used in the agricultural and commercial polyvinyl acetate
glue industry, with the relationship of 25 wt%. The measurements were carried out in a Vector Network
Analyzer, model E5071C Agilent Technologies, with the characterization of the Denim substrate, the
glue, and the identification of the best parameters for the construction of the absorber. In the project,
three low-cost textile absorbers prototypes were fabricated, with G1=0.25 mm, G2=0.35 mm, and
G3=0.5 mm of thickness layers of the composite deposited on a Denim fabric. The results indicate

that the absorber prototypes G2 presents great results in the frequency range of 4G and 5G band,

with a maximum absorption of 26.6 dB in 3.94 GHz, with a structure 98.83% thinner than the
commercial absorber LF-75. The variation in absorption performance may be attributed to the different
mechanisms by which the absorbers operate: the commercial absorber LF-75 primarily interacts with
the magnetic field, whereas the textile prototype predominantly affects the electric field.
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Materials that absorb electromagnetic radiation are designed to capture incident energy and dissipate it through
the Joule effect or mutual phase cancellation of incident and reflected waves!. Military-grade electromagnetic
absorbers are used in stealth technology to camouflage aircraft, tanks, and ships by reducing their radar
signature?. The increasing use of electronic devices has increased radiation pollution and electromagnetic
interference, resulting in harmful biological effects on the human body and failures in electronic systems?.
With the development of electromagnetic compatibility (EMC) and protection standards across industries
such as transportation, telecommunications, and medicine, electromagnetic absorbers have become essential
for ensuring the proper operation of devices and systems that emit electromagnetic energy. The expansion
of terrestrial and satellite wireless communications, 5G and 6G mobile networks, Industry 4.0, the Internet
of Things (IoT), smart farms, smart cities, and smart grids—all of which demand low interference and high
electromagnetic compatibility—has driven significant advancements in the research and development of
electromagnetic wave-absorbing materials?.

The absorption property of electromagnetic waves from absorbers is obtained from the electrical
characteristics of conductivity, permittivity, and permeability of the materials. The properties can be used alone
or in combination to achieve better absorption. Absorber materials can be classified according to the absorption
mechanism, being divided into resistive, dielectric and magneticl. The resistive type absorber acts based on
the interaction of the incident wave with the conductivity and permittivity parameters of the material, using the
components carbon black, graphite, silicon carbide or metal-based material. The dielectric type operates on the
loss in the process of polarization and dielectric relaxation, using barium titanate, ferroelectric ceramics, and
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materials containing carbon, such as rubber, urethane, or polystyrene foams. Magnetic type acts on resonance
and hysteresis losses, using ferrite and ferrocarbonyl.

A combination of different types of materials can be employed in order to improve the absorption efficiency
of the absorber?. According to°~, the suspension of graphite powder in a liquid, water, alcohol, petroleum
oil, or others, mixed in quantity with a polymeric binder is generally called colloid of graphite. The colloidal
graphite coating applied to a surface will produce the formation of a conductive material through direct contact
with the graphite particles due to the complete evaporation of the liquid; the resulting material can be used as
electromagnetic shielding. The choice of the types of graphite and polymer used in the colloid, associated with
their dosages and the preparation method, are important in determining the frequency response of the absorber.

Several works seek to develop electromagnetic wave absorbers at different frequencies and with different types
of techniques and materials. In the work of® low-cost absorbers composed of rose-derived porous carbon and
magnetic cobalt (Co)/nickel (Ni) nanoparticles (RC/Co and RC/Ni) were synthesized by simple impregnation
and carbonization methods, which produced a minimum reflection of —47.89 dB at 13.60 GHz and an effective
attenuation width of 4.08 GHz for the RC/Co absorber with a thickness of 1.56 mm, while the RC/Ni absorber
with a thickness of 1.58 mm obtained a minimum reflection of —45.36 dB at 12.88 GHz at an effective width of
3.02 GHz. In the work of® a textile absorber coated with polyvinylidene fluoride, filled with graphene nanoplates,
was proposed, operating in the 8-18 GHz band, with results below —5 dB reflection coefficient throughout the
range and bandwidth of -10 dB. In the work of’0, an absorber with a thickness of 4 mm was developed, consisting
of a composite of Fe304 and graphite operating in the C band, 4-8 GHz, with a maximum return loss of - 40.6
dB, and -29.82 dB in the Ku band, 12-18 GHz. In!! a microwave absorber made from biomass derivatives was
developed, a hybrid of Co3Fe7 alloy nanoparticles anchored in porous carbon nanosheets, with a reflection
loss of —22.3 dB in the band Ku. In the work of'?, was developed a microwave absorber from the manganese/
cobalt urea complex and reduced and nitrogen-doped graphite oxide, by the hydrothermal method, in the range
of 2 GHz to 8 GHz, with reflection losses of — 103 dB at 2.9 GHz. The work of!? evaluated absorbers using the
morphologies of intercalated graphite, expanded graphite, and exfoliated graphite, operating in the X band,
8-12 GHz, and in the Ku band, 12-18 GHz, with a maximum attenuation of -22.5 dB for samples of 2 mm. An
absorber constructed with carbon black/epoxy resin and ferrite/epoxy resin double-layer nanocomposites was
developed by'* operating in the frequency ranges of 8-18 GHz, and reflection loss of -24.0 dB. In the project
by, three absorbers were developed, with graphene/ferrite, graphene/conductive polymer, and graphene-based
ternary composites, operating in the 2-8 GHz bands, with a maximum attenuation of -18dB at 18 GHz. An
absorber with metamaterial behavior, composed of graphite, was developed by®, operating in the 12.7-18 GHz
bands with an absorption rate below — 10 dB. In'>, a cobalt sulfide-polyvinylidene fluoride absorber composite
was presented, operating in the 2-18 GHz bands, with a maximum absorption of -43 dB at 6.6 GHz. In'® a
single-layer microwave absorber with metal support based on polyaniline/expanded graphite reinforced novolac
phenolic resin composites in the range of 8.2 GHz to 12.4 GHz was presented, with a reflection loss of -32 dB at
9.7 GHz and — 10 dB at a width of 2.4 GHz, in the thickness of 3 mm. A microwave absorber produced with two
layers of composites in two combinations, cobalt ferrite/epoxy and graphite/epoxy was developed in'’, operating
from 8 GHz to 18 GHz, with reflection loss results of —12.8 dB at 8 GHz and — 15 dB at 10 GHz. In the work
of'8, a ternary composite of titanium oxide/polyaniline/graphene oxide was synthesized by in situ oxidation
polymerization, obtaining reflection loss of -51.74 dB at 9.67 GHz, with —10 dB at a width of 3.91 GHz at
3.12 mm thickness, and loss of -15.28 at 10.28 GHz, with —10 dB at a width of 4.76 GHz at 2.5 mm thickness.
In' a compound of natural microcrystalline graphite and low-density polyethylene prepared by the extrusion
calendering method was presented, obtaining an attenuation of -5 dB at 6.79 GHz and — 10 dB at 3.02 GHz, with
respective reflectivity values of -12.44 dB and —20.46 dB.

In this work, an electromagnetic wave absorber is developed using a composite of graphite and commercial
white glue based on polyvinyl acetate (PVAc), applied to a denim. In addition to this Introduction, this work
consists of three more sections. In “Material and methods” section, the Materials and Methods used in the
development of the project are presented. “Results and discussions” section presents the results and discussions
of the developed low-cost textile prototype, and “Final considerations” section presents the final considerations
of the proposed work.

Material and methods

Electromagnetic absorbers are characterized according to the magnitudes of electrical permittivity ( € ), magnetic
permeability (1) and conductivity (o ), angular frequency of the incident wave (w ), with w = 27 f, and
f is the resonance frequency of the system, the loss tangent ¢g (0 ) and the impedance ( z) of the material.
Interaction of electromagnetic waves incident on a material, depending on the frequency, can cause electrical
and magnetic losses, identified by complex permittivity (e ) and complex permeability (x ). The performance
of an absorber is associated with the sizing of area, thickness, choice of the type of material, and the different
systems operating frequency ranges. The absorber proposed in this work considers the dielectric response,
permittivity, conductivity, loss tangent, and angular frequency as important parameters for determining the
device.

In the process of absorption of electromagnetic energy by the absorbers, are considering the components
of the magnetic field and electric field, which, when incident on the structure, are transforming into an electric
current density, a potential difference and heat by the Joule effect.

A non-perfect dielectric has a loss caused by finite conductivity and polarization of isolated or combined
modes in the material. According to Ohm’s law, the electric field in the dielectric produces a conduction current
density, given by:

J=0E, (1)
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where E is the electric field incident on the material, which results in energy dissipation as heat, and, as a result,
attenuation of the incident wave because of conductivity loss®. The inability of the dipoles of the dielectric
molecules caused polarization loss to follow the rate of change of the applied electric field. If the relaxation time
for the dipoles to return to their initial random state is less than or comparable to the rate of electrical oscillation
of the field, then there will be no loss. However, when the rate of the electric field oscillates much faster than the
relaxation time, polarization cannot follow the frequency oscillation, resulting in energy dissipation as heat?!.
Conductivity and polarization losses can be called the effective conductivity of the dielectric, given by?’:

Oef=0 +we'’, (2)

were €’ is the imaginary part of the complex permittivity, which is related to the interaction of the electric field
with the material, and the real component, given by:

€' =e€re,. (3)

The dielectric constant indicates how much energy from an external field was stored in dielectric loss because of
polarization, and the complex permittivity can be obtained by*’:

cc=¢' —je'’, (4)

using Maxwell’s equation, it is possible to relate the intrinsic values of the material to the incident electric field,
indicated by:

V x HS:UEs+jw(e' fje”)Es: [(0’ +we”)+jwe/}Es. (5)

The loss tangent is a measure that expresses how much of the electric field incident on a material is dissipated
and how much is stored, which can be obtained from (5). Loss tangent is the relationship between the losses of
a material and its electric field storage capacity (6). The angle § is called the loss angle of the medium and can
vary from 0° < § < 90°. Although there is no well-defined boundary between good conductors and lossy
dielectrics, a dielectric medium has tgd < 1, and a good conductor has tg (6 ) > 1, with the loss tangent
given by?>%%:

tg (6) = L‘””, (6)

we'

In an electromagnetic absorber, it is desirable that most of the incident wave is dissipated. The loss tangent is an
important parameter in the evaluation of absorbing materials. Therefore, the estimated values of the imaginary
part of permittivity and conductivity are important in determining absorption. ¢ < we’’ must also be
considered for microwave frequencies. Thus, (6) can be simplified by:

tg (6) = (7)

In this work, a low-cost, flexible textile absorber is developed, based on graphite colloid and glue, on a Denim
substrate for the range from 2 GHz to 3.5 GHz. The activities carried out were distributed in the following stages:
selection, separation, and characterization of the materials used in the development of the project. The materials
used in the project are graphite, as a component that will act on the electric field component of the wave, PVA
glue, which acts as a binder, and Denim, which is a dielectric material.

The absorption mechanism of the absorber can be explained by propagation theory, in which electromagnetic
waves are consumed within the material through one or more pathways, such as electrical loss, magnetic loss,
dielectric loss, and polarization loss?4. According to?> when an electromagnetic wave falls on an absorber, most
of the power should be absorbed by the material, providing the minimum of reflected waves in the media. In the
absorber proposed by?’, Fig. 1a, absorption is the result of the loss of power through the Joule effect on the surface
or in the multiple internal reflections of the absorber, because of the interaction of the incident electromagnetic
waves with the free and polarized charges of the material. Depending on the application mode of the absorber,
a conductive plate can be introduced at the end of the material to reduce the power of the transmitted wave and
increase the interactions of the reflected waves in the internal part of the absorber. Figure 1b shows the proposed
textile absorber, with the indication of level with thickness of § ¢ of the graphite and glue composite, deposited
on the denim textile material of thickness ¢ 7. The objective is to increase the efficiency of electromagnetic
absorption, with the reduction of the production cost, by using low-cost, low-cost, lightweight, flexible and thin
absorber. The textile absorber is resistive, with loss tangent defined by (6), in which the composite, graphite and
glue, contributes with the conductivity (o ) and imaginary permittivity (¢’ ). portions.

The graphite

Graphite is an allotrope of carbon and does not fit into any of the traditional classification schemes for metals,
ceramics, and polymers?. In the structure of graphite, carbon atoms are located at the vertices of hexagons
arranged in regular planes or “blades”. In these planes, each carbon bonds strongly to three others through three
strong bonds and one weak bond through Van der Waals forces. The structural arrangement allows one plane to
slide over another, which is why graphite is a soft and brittle material, used in brake shoes, lubricating powders,
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Fig. 1. Principle of electromagnetic absorption adapted by?*: (a) generic absorber; (b) textile absorber.

welding electrodes, motor brushes, and pencils. The length of the sides of the hexagon is 0.142 nm and the
spacing distance between the planes is 0.335 nm?’.

The electrical conductivity of graphite is explained because, with sp? hybridization, there is an electron left
in the p orbital that does not participate in hybridization. This electron forms a m bond with another carbon
atom in the plane, thus producing two bonds between them, formed by the sp? orbitals and the p orbitals. The
electrons involved in the 7 bond can move in an electron cloud over each plane of the graphite, but there is
no displacement of electrons between the planes®®. The graphite can be considered a semimetal, a electrical
conductor in the basal plane and an insulator normal to the basal plane. Free electrons are highly mobile, and
their movement in response to the presence of an applied electric field in a direction parallel to the plane is
responsible for the relatively low resistance, that is, high conductivity, which implies an electrical resistivity on
the order of 10™° Q m in the plane, and of 1072 © m between the planes®.

PVAc glue

According to’, polymers are classified as insulators and conductors. In the category of insulating polymers
are polystyrene, polyvinylidene fluoride, polypropylene, polymethyl methacrylate, polyvinyl alcohol or PVA,
polyethylene, polyvinylpyrrolidone and epoxy. Conductive polymers are those that achieve electronic properties
when doped. However, its synthesis, cost, and availability commercial use. Examples of this category are
polyaniline, polypyrrole, and poly-3,4-ethylenedioxythiophene.

PVA and PVAc are polymers produced from the vinyl acetate monomer, in which PVA is the result of the
polymerization of PVAc, as the vinyl alcohol monomer does not exist in stable form?*30. PVA is a water-soluble
synthetic product used in the construction, pharmaceutical, and biomedical industries, with molecular formula
(C,H,0),. PVAc, with a molecular formula of (C,H,0,),, is used in adhesive formulations of glues and as
binders in the paper and paint industries®’. In this work used a commercial white glue, a product based on
PVAc, and not pure PVAc and PVA, for reasons of availability and lower cost, which does not require additional
preparation in the laboratory.

Dielectric material characterizations

In project development were carried the dielectric characterizations of the permittivity, ¢, and loss tangent,
e'’ /e, of the Denim by the open coaxial probe method. Based on empirical tests carried out with PVAc-based
white glue with a thickness of less than 1 cm, it can be assessed that the glue only acts as a binder in the process,
not contributing to the variation in the dielectric characteristics of the colloid.

The measurements were performed on the IFPB Telecommunications Measurements Laboratory, Jodo
Pessoa campus, with the vector network analyzer (VNA) model E5071C adapted with a WR-90 calibration kit
manufactured by Agilent Technologies®2. Figure 2 shows the characterization of Denim, with the measurement
setup, Fig. 2a, and the results of permittivity and loss tangent, Fig. 2b, in the 2 to 4 GHz bands. Denim presented
permittivity with €'’ < 0.9 and average of 0.23, and loss tangent €'’ /e’ < 0.98 and average of 0.2.

Development of the textile electromagnetic absorber

The powdered graphite colloid added to the liquid glue was prepared using a mechanical shaker at room
temperature. The mixture in colloidal form was passed onto one surface of the Denim substrate. After drying,
it was noted that the fabric remained flexible, as seen in Fig. 3, with the preparation of the graphite colloid,
Fig. 3a, and the textile absorber, Fig. 3b. For the project, three low-cost textile prototypes were built, with colloid
thicknesses of G1 =0.25 mm, G2 =0.35 mm, and G3 =0.5 mm, with the relationship of 25 wt% of graphite, which
demonstrated the initial absorption effect of electromagnetic waves.
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Fig. 2. Denim dielectric characterization: (a) measure setup; (b) results of permittivity and loss tangent.

Measuring the reflection (S11) and transmission (521) parameters

Measuring the reflection (S11) and Transmission (S21) parameters of the textile absorbers were carried out
at the Telecommunications Measurements Laboratory of the Federal Institute of the Paraiba (IFPB), using
the Vectorial Network Analyzer (VNA) model E5071C Agilent Technologies and Double Ridge Guide Horn
Antenna model SAS-57 by A.H. Systems inc. The measurements of S11 and S21 were carried out using the free
space electromagnetic characterization method, in which two antennas connected to the VNA, in the distance of
the far field**. The absorbers were fixed to an acrylic support positioned between the two antennas, as observed
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Fig. 3. Absorber manufacturing process: (a) preparation of the colloid; (b) textile absorber.
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Fig. 4. Measure Setup of the electromagnetic absorbers: (a) textile absorber; (b) commercial absorber LF75.

in Fig. 4. The measurement results of the low-cost textile prototypes were compared with a commercial absorber,
the LF 75, 30 mm thick, made of polyurethane and ferrite, by Soliani EMC company, Fig. 4b.

Results and discussions

In the analysis of electromagnetic wave low-cost textile absorber prototypes were performed measurements of
resistance, with is the inverse of conductance, reflection and transmission of the electromagnetic wave, with the
comparison of the results with the commercial absorber LF75 30 mm thick.

The electrical resistance of materials

Electrical resistance can be used as a parameter to approximate conductivity, as conductivity (o) is the inverse
of resistance (R), thus, o = 1/R. Electrical resistance measurement was performed with the Minipa model
ET 2042-E multimeter, in the 600 Q2 range. Figure 5 shows the measured results of electrical resistance of low-
cost textile prototypes and commercial absorbers. The absorbers present a difference in resistance depending
on the distance between the terminals, demonstrating that the bottom of the textile absorbers remains without
conductivity. From the electrical resistance results, it is observed that the prototype G3 obtained resistance of
196 2, and the LF-75 of 310 2, with a value closer to the commercial absorber, even with a difference in
thickness of 29.5 mm. Calculating the conductivity values, considering the highest values, we have the results
of G1=0.041 S/m, G2=0.167 S/m, G3=0.005 S/m, and LF-75=0.003. Thus, the G3 absorber had 40% greater
conductivity than the LF-75, with a total thickness of 95% less.
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(d)

Fig. 5. Measurement of the resistance of electromagnetic absorbers: (a) G1 prototype; (b) G2 prototype; (c) G3
prototype; (d) LF-75 absorber.

Result of reflection coefficient parameters (S11)

Figure 6 shows the comparison of the reflection coefficient (S11) parameter of the low-cost textile prototype
textile absorber and the LF-75 absorber with 30 mm thickness, in the range of 1 GHz to 10 GHz. In the evaluation
of reflection results, it is possible to observe that the low-cost textile prototypes G2 and G3 present greater
compatibility with the LF-75 absorber. The G3 low-cost textile prototype absorber, Fig. 6(c), presented similar
results in the range of 1 GHz to 8 GHz, indicating that the colloid with 0.5 mm obtained reflection results of the
commercial absorber, Fig. 6(d), in the range proposed in the project, of 2 GHz to 4 GHz, covering the 5G band
technology.

Results of transmission coefficient parameter (S21)

Figure 7 shows the comparison of the transmission coefficient parameter of the low-cost textile prototype
absorbers and the LF-75 commercial absorber. The results of the textile prototypes show absorption curves close
to the commercial absorber LF-75, with greater absorption of the prototypes G1 and G2 at frequencies from
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Fig. 6. Measurement of S11 parameter of electromagnetic absorbers: (a) G1 prototype; (b) G2 prototype; (c)
G3 prototype; (d) LF-75 absorber.

3.5 GHz to 4.5 GHz, from 8.5 to 9.5 GHz, and lower absorption related to the prototype G3, at frequencies from
3.5 to 6.5 GHz, Fig. 7a. Figure 7b shows the comparison of the absorber at the 4G and 5G frequencies, from
2 GHz to 4 GHz. In the comparison with the commercial absorber LF-75, the G2 absorber prototype presented
the best response at the frequencies of 2 to 3 GHz, and the G1 prototype at the frequencies of 3 GHz to 4 GHz.

Figure 8 compares the electromagnetic energy-absorbing, in dB, of the low-cost textile prototype absorbers
and the LF-75 commercial. As observed in Fig. 8a, the commercial absorber LF-75 presented greater stability
at frequencies from 1 GHz to 10 GHz, with absorption between 3 and 10 dB. The prototype absorbers G1 and
G2 presented greater absorption values between frequencies from 2 GHz to 4.5 GHz, and the prototype G1
presented greater absorption at frequencies from 7.5 GHz to 9.5 GHz, with a maximum of 45 dB at 8.74 GHz.
From Fig. 8b, it is possible observed that the absorber prototype G2 presented significant results at the range of
2 GHz to 4 GHz, with a maximum of 26.6 dB in 3.93 GHz. The textile absorber prototype presented significant
results in a range of 3.0 GHz to 4.0 GHz, with 21 dB in 3.4 GHz, and 34.5 dB in 3.85 GHz.

From the results, it is possible to understand that the G1 and G2 absorber prototypes presented results close
to the commercial absorber LF-75 at frequencies from 2 GHz to 4 GHz. Greater absorption is observed in the
textile prototype G2, with an average of 10.2 dB, and a maximum of 26.6 dB at 3.93 GHz, in a structure 98.83%
thinner than the commercial absorber LF-75.

Final considerations

This work presents the development of a low-cost textile planar microwave absorber designed to operate in the
4G and 5G frequency bands. The prototype absorber consists of a composite of powdered graphite and polyvinyl
acetate-based glue, applied to a Denim fabric substrate. The dielectric characterization of the prototypes was
conducted using a Vector Network Analyzer, model E5071C from Agilent Technologies. The results were
compared with those of a commercial polyurethane and ferrite-based foam absorber (LF-75) with a thickness
of 30 mm. As part of the project, three low-cost textile absorber prototypes were fabricated, with G1=0.25 mm,
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Fig. 7. Results of S21 parameter of low-cost textile prototypes absorbers and the commercial absorber LF-
75 in relation to the reference.

G2=0.35 mm, and G3=0.5 mm-thick composite layers. The results indicate that the G1 and G2 prototypes
exhibited absorption performance comparable to the commercial LE-75 absorber in the 2 GHz to 4 GHz
frequency range. The G2 prototype demonstrated the highest absorption, with an average of 10.2 dB and a peak
absorption of 26.6 dB at 3.93 GHz, while being 98.83% thinner than the LF-75 commercial absorber.
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Fig. 8. Comparison of S21 parameter of low-cost textile prototypes absorbers and the LF-75 commercial
absorber.
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