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A flexible extra broadband metamaterial absorber (MMA) stacked with five layers working at 2 GHz—40 GHz is in-
vestigated. Each layer is composed of polyvinyl chloride (PVC), polyimide (PI), and a frequency selective surface (FSS),
which is printed on PI using conductive ink. To investigate this absorber, both one-dimensional analogous circuit analy-
sis and three-dimensional full-wave simulation based on a physical model are provided. Various crucial electromagnetic
properties, such as absorption, effective impedance, complex permittivity and permeability, electric current distribution and
magnetic field distribution at resonant peak points, are studied in detail. Analysis shows that the working frequency of this
absorber covers entire S, C, X, Ku, K and Ka bands with a minimum thickness of 0.098 4;nax (Amax is the maximum wave-
length in the absorption band), and the fractional bandwidth (FBW) reaches 181.1%. Moreover, the reflection coefficient
is less than —10 dB at 1.998 GHz—40.056 GHz at normal incidence, and the absorptivity of the plane wave is greater than
80% when the incident angle is smaller than 50°. Furthermore, the proposed absorber is experimentally validated, and the
experimental results show good agreement with the simulation results, which demonstrates the potential applicability of
this absorber at 2 GHz-40 GHz.

Keywords: extra broadband, physical model, flexible metamaterial absorber, multi-layer, frequency selective

surface
PACS: 41.20.Jb, 42.25.Ja, 42.25.Bs, 78.20.Ci

1. Introduction

To date, frequency selective surface (FSS) microwave ab-
sorbers have been studied extensively because of their poten-
tial applications in electromagnetism stealth and electromag-
netic compatibility. Usually, an FSS microwave absorber is
required to work at extra broad bandwidth with low reflec-
tivity and minimal thickness, but it is hard to implement.!]
When a plane microwave is incident on the surface of an FSS
absorber, the impedance of the air and the absorber should be
perfectly matched to reduce reflection. Due to the fact that the
absorption bandwidth of metamaterial is limited, bandwidth-
enhanced absorbers were developed by combining two distinct
resonators together, and stacked layer by layer.[>!

To date, circuit analogue absorbers (CAs) with periodic
arrangement cells have been explored to further expand the
bandwidth of the FSS absorber; this is usually composed of
a conductive pattern and a lossy element, printed on a dielec-
tric substrate and supported by a metal plate. Lossy compo-
nents play a major role in an FSS absorber, and resistors, [+
resistive ink structures,[©3! or resistive thin films are three of
the most important lossy components.'”! Windmill-shaped el-
ements were used in a broadband metamaterial absorber with
measured absorption over 90% at 8.3 GHz—17.4 GHz.!'% Re-
sistive films were adopted in a broadband absorber, and the

Corresponding author. E-mail: taowang @hfut.edu.cn
fCorresponding author. E-mail: liying87 @hfut.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acea64

absorptivity exceeded 90% at 6.06 GHz—14.66 GHz.['!] Shui
et al. reported a flexible and thin Ti3C,Tx sponge composite
absorber working at 0.3 THz—1.65 THz with absorption over
90% and with a thickness of about 2 mm.[!?] The above liter-
ature suggested that both materials and structures can be ex-
plored to improve the absorption performance,!'3-'®! and thus
the absorption bandwidth can be expanded with relatively min-
imal thickness.

Based on the works mentioned above, a flexible multi-
layer ultra-broadband absorber stacked with five layers is mod-
eled in this work; each layer is separated by a PVC spacer and
is printed with resistant ink patterns. According to the physi-
cal model and the electric circuit model, the reflectance is less
than —10 dB at 1.998 GHz—40.056 GHz, and the fractional
bandwidth (FBW) is 181.1% with a thickness of 0.098 Apax at
the maximum wavelength of the absorption band. Addition-
ally, this absorber is fabricated and verified, and the experi-
mental results are very consistent with the simulation.

2. Physical model and electric circuit model of
the flexible absorber

The multi-layer broadband absorber is composed of five
lossy layers and a metal plate. Each layer is a PI (¢ =3.24 4
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j0.031) substrate printed with resistive ink patterns on the up-
per surface. The upper and lower layers are separated by PVC
(€ =2.56+j0.025) dielectric material. A metal plate at the
bottom of the absorber, which acts as a ground layer, is used to
eliminate transmission. The unit cell geometry of this absorber
is depicted in Fig. 1(a). The geometrical dimensions are as fol-
lows: P=13mm, /; =12 mm, [, = 11.4 mm, /3 = 6.8 mm,
l4= 10.8mm, 15:7mm, h] =h2:h3:h4:h5:2mm,
he = 4 mm, h7 = 0.15 mm. The thickness of the resistive ink
patterns is about 0.05 mm, with conductivity of 120 Q/sq.
Since PI acts as a transmission line, an equivalent circuit
of the absorber can be modeled as parallel connections be-
tween transmission lines and series RLC circuits, as shown in
Fig. 1(b).
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Fig. 1. (a) The physical model of the flexible absorber, (b) the equivalent
circuit of the physical model.

A three-dimensional fullwave finite element method sim-
ulation of the physical model is developed in Microwave Stu-
dio software with periodic boundary conditions, which is com-
pared with an equivalent circuit method using software, as
shown in Fig. 2. The reflectance of this absorber is less than
—10 dB across S, C, X, Ku, K and Ka bands at 1.998 GHz—
40.056 GHz, which provides a relative bandwidth of 181.1%
with a total thickness of 0.098 Ayax at the lowest frequency.

Both the minimum reflection and the perfect absorp-
tion can be obtained if the impedance of the absorber
and air are perfectly matched.!'! To better understand the
extra-broadband mechanism of this absorber, the normalized
impedance is determined. Moreover, the real part fluctu-
ates close to 1 and the imaginary part swings near to O at
1.998 GHz—40.056 GHz, as demonstrated in Fig. 3(a). It can
be seen that the equivalent impedance of two absorption peaks
is 1.00456 —j0.00161 at 22.005 GHz and 1.00118 —j0.01754
at 37 GHz; therefore, perfect impedance matching is achieved.

Complex permittivity and permeability are calculated, which
prove the strictly mono-negative characteristics of this ab-
sorber, as shown in Fig. 3(b). Due to perfect impedance
matching, the resonance absorption is less than —40 dB at
22.005 GHz and —30 dB at 37 GHz; therefore, the incident
wave is absorbed completely at 22.005 GHz and 37 GHz. In
addition, due to the fact that the maximum deviation between
the effective impedance and 1+ jO is less than 0.16 at 2 GHz—
40 GHz, the absorptivity is more than 90% at 2 GHz—40 GHz.
However, the perfect impedance matching of the suggested ab-
sorber is mainly caused by the multi-layer structure and elec-
tromagnetic characteristics of the materials.
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Fig. 2. A comparison of the physical model analysis and equivalent
circuit analysis.
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Fig. 3. Characteristics of the absorber: (a) effective impedance, (b) com-
plex permittivity and permeability.
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Fig. 4. The MFD and SCD on each layer: (a;)—(f;) MFD at 22.005 GHz, (a)—(f>) SCD at 22.005 GHz, (a3)—(f3) MFD at 37 GHz, (a4)—(f4) SCD

at 37 GHz.
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Fig. 5. The absorption spectrum of the plane wave versus the incident
angle: (a) TE wave, (b) TM wave.

Impedance matching between metamaterials and air plays
a crucial role in electromagnetic resonant characteristics, and
will enlarge the absorption bandwidth. According to Fourier
transform, all incident plane waves are composed of sine or

cosine waves with independent resonant frequencies. Further-

more, resonant structures composed of inductors and capaci-
tors in the metamaterial will generate several LC resonances.
In general, the resonant characteristics of the device structure
will lead to absorption characteristics of the device in the res-
onance frequency band. Based on the superposition princi-
ple, if each LC resonant structure in the metamaterial absorbs
electromagnetic waves independently, then the combination of
multiple LC resonant structures will obviously increase the ab-
sorption bandwidth.

To further investigate the extra broadband wave absorp-
tion mechanism of this multi-layer absorber, the magnetic field
distribution (MFD) and surface current distribution (SCD) on
each layer at two absorption peaks, i.e., 22.005 GHz and
37 GHz, are simulated using near-field conditions. The in-
tensity and density of the MFD and SCD at 22.005 GHz are
shown in Figs. 4(a) and 4(b). It can easily be seen that the
current direction on FSS; and FSSs is opposite to that on the
ground; therefore, a loop is generated, which leads to strong
magnetic resonance and storage of electromagnetic energy.
Moreover, another strong magnetic resonance is generated be-
tween the FSS3 layer and FSSs layer due to the opposite cur-
rent. As a result, the energy of the incident electromagnetic
wave is absorbed and transformed to magnetic energy, which
is mainly stored on the FSS3 layer and on the FSSs layer.
The intensity and density of the MFD and SCD at 37 GHz
are shown in Figs. 4(c) and 4(d). The energy of the incident
electromagnetic wave is absorbed and stored on each layer dis-
cretely; the energy is mainly stored in the center of the FSS;
layer and the corners of the FSS3 layer.

Simulation of the absorptivity at various incident angles
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(0) for both transverse electric (TE) and transverse magnetic
(TM) polarization plane waves are shown in Fig. 5. As can
be observed, the absorption is insensitive to the change in po-
larization angles, but the absorption and bandwidth are depen-
dent on the incident angle (0); the absorption rates of both TE
waves and TM waves exceed 80% when 6 is less than 50°.
For the TE wave, the absorption is abruptly dropped when 6
exceeds 70°. In comparison, the absorptivity is more than 0.6
when 0 is equal to 80° for the TM incident wave.

3. Fabrication and measurement verification

To verify the actual characteristics of the above discussed
absorber, an absorber is fabricated based on Fig. 1(a) for mea-
surement. Each resistive pattern is printed on a PI sheet using
resistive ink, with resistance of 120 /sq and with a thickness
of 0.050 mm. Here, 20 x 20 cells are contained in the fab-
ricated absorber, with a total size of 270 mm x 270 mm and
with a total thickness of 14.75 mm; the measurement of the
sample is shown in Figs. 6(a) and 6(b). In the experiment,
two horn antennas, acting as a transmitting end and a receiv-
ing end, are connected to a vector network analyzer (Rohde &
Schwarz, ZVA40), and the position of the fabricated absorber
is adjusted to remain perpendicular to the axis of the horn an-
tennas, as shown in Fig. 6(c).

Fig. 6. Measurement of the fabricated absorber sample: (a) size, (b) thick-
ness, (c) the measurement system in a microwave anechoic chamber.
The S-parameter of the fabricated absorber can only be
measured at 8 GHz—40 GHz, due to the lack of horn anten-
nas working at 2 GHz-8 GHz. However, a few burrs in the

measurement may be caused by environmental noise, temper-
ature noise and higher harmonics that are inevitably produced
because of the test cables between the horn antenna and the
vector network analyzer. Deviations between the experiment
and simulation in the frequency spectrum may be caused by
near-field coupling effects between the upper resistive ink pat-
terns and the bottom metal plane, the mutual coupling between
array cells and the limited size of the proposed metamaterial
sample, and calibration of the transmission line system in the
microwave anechoic chamber, which was used for measure-
ment, as shown in Fig. 7(a).

To verify the flexibility of the absorber, the fabricated
absorber conforms to the external surface of a cylinder with
D =200 mm and D = 100 mm, respectively. The normal-
ized absorption spectrum is shown in Fig. 7(b), which shows
good flexibility of the fabricated absorber since the measured
absorption rates are all above 80%.
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Fig. 7. (a) The measured absorptivity vs. simulation, (b) the comparison
of the plane and the curved absorbers.

A comparison of this MMA with other recently reported
microwave absorbers is shown in Table 1, where Ap.x is
the maximum wavelength in the absorption spectrum. The
key parameters of the MMA, such as the absorption band-
width, relative bandwidth, periodicity and thickness are listed
here. It should be pointed out that the structure and perfor-
mance of this absorber are quite different from those from
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Refs. [13-17]. This is due to the fact that this absorber is
fabricated using excellent flexible materials and the fact that
it shows ultra-wideband microwave absorption capability, i.e.,
it covers whole S, C, X, Ku, K, Ka bands, and parts of L and
U bands.

Table 1. A comparison of the suggested absorber with typically reported
absorbers.

> 90% absorption  Relati
¢ AbSOIPHON - BEHVE b iodicity Thickness

Reference bandwidth bandwidth Flexible
(GHZ) (%) ()vmax) ()vmax)
Ref. [13] 2.00-18.50 161.0 0.073 0.082 no
Ref. [14] 11.40-20.00 54.5 0.061 0.139 no
Ref. [15] 8.30-10.90 27.1 0.205 0.102 yes
Ref. [16] 4.73-39.04 156.7 0.221 0.150 no
Ref. [17] 1.00-18.00 178.9 0.167 0.100 no
This work ~ 1.998-40.056 181.1 0.087 0.098 yes

4. Conclusion

A flexible five-layer extra-broadband absorber printed by
resistive ink on dielectric sheets and separated by PVC is dis-
cussed. An equivalent circuit model is built to explain the
impedance matching mechanism of this absorber. In addition,
three-dimensional full wave analysis is used to study the elec-
tric current distribution and magnetic field distribution of each
layer. For verification, the absorber is fabricated and measured
in a microwave anechoic chamber; both the simulation and ex-
perimental results reveal good absorption performance from
1.998 GHz to 40.056 GHz. Compared with broadband ab-
sorbers reported recently, it can be noted that the biggest rel-
ative bandwidth ratio and the smallest thickness are realized
in this work, which illustrates its potential electromagnetism
applicability in stealth and compatibility.
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