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ABSTRACT In this paper, a broadband transparent microwave absorber with a fractional bandwidth
of 118.1% was designed. In the proposed absorber, a gear-shaped unit cell consisting of optically transparent
indium tin oxide-polyethylene terephthalate films fabricated on a polymethyl methacrylate is developed
to guarantee electromagnetic wave to well enter into and is dissipated in the absorbing structure. Two
resonant frequencies at 4.8 GHz and 13.6 GHz, which correspond to electromagnetic and electric resonances,
respectively, are generated to achieve a wide absorbing band from 3.86 GHz to 15.04 GHz covering S, C,
X and Ku bands. The proposed absorber has the advantages of low profile, polarization insensitivity, and
angular stability. The prototype of the absorber has been fabricated and measured, and the experimental
results are in good agreement with the simulation results.

INDEX TERMS Broadband, transparent, indium tin oxide-polyethylene terephthalate films, low profile,
polarization insensitivity, angular stability.

I. INTRODUCTION
With rapid progress of metamaterials, absorbers based
on metamaterials have been a hot topic among scientific
researchers and applied into many engineering fields includ-
ing electromagnetic interference and radar stealth [1], [2].
Traditional metamaterial-based absorbers [3]–[13] usually
use the opaque metallic-dielectric structure, which limits
greatly their applications in some special scenarios such as
airplane windscreen, zenith, vehicle glasses, etc.

In recent years, a number of transparent absorbers
were theoretically designed and experimentally fabri-
cated [15]–[27]. For the optically transparent absorbers,
the topology and substrate are all made of transparent mate-
rials. Among transparent absorbing designs, indium tin oxide
(ITO) becomes the most widely used transparent conducting
materials due to its high electrical conductivity and high
transmittance in the visible and near-IR range. The ITO-
based absorbers are generally composed of the patterned
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ITO topology fabricated on a thin polyethylene terephthalate
(PET) film [20], [22] or soda-lime glass [23]–[25]. The
ITO sheets with different square resistances can act as top
topology and backboard, respectively. The ITO film with
small square resistance works like metal ground in the typical
design, which could ensure transmitted energy as less as
possible. In multilayer designs, the top and bottom PET-ITO
films are separated by air spacer [20], [21] or polymethyl
methacrylate (PMMA) substrate [22].

Besides optically transparent property, the transparent
absorbers should have excellent performance including wide
absorbing bandwidth, thin thickness, polarization insensitiv-
ity, and incident angle stability. Similar to the metamaterial-
based absorbers, the perfect absorption can be achieved by
specially designed topology and optimized dimensions of the
transparent absorbers [27]–[29]. In order to widen absorbing
band, a multi-layered structure with different patterns and
corresponding sizes was proposed to obtain an absorbing
band covering 8.1∼28.7 GHz for the absorption of 90% [24].
However, the use of the multi-layer structure results in a
high overall profile of 0.61λ0 (λ0 is wavelength in free space
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TABLE 1. Parameters of the transparent absorber.

at center frequency). In addition to the laminated structure,
composite substrate consisting of the distilled water and
PMMA substrate with an electrical thickness of 0.55λ0 was
developed to achieve an over 90% absorption in a wide band
from 6.4 GHz to 23.7 GHz [26]. Besides, in [27] a stereo
structure was designed to obtain an absorption of better than
85% covering a frequency band of 5.5-19.7 GHz and 22.5-
27.5 GHz. Unfortunately, the 3-D structure gives rise to a high
profile of 0.91λ0.
In this paper, a thin and broadband transparent absorber

with a fractional bandwidth of 118.1% has been designed.
A gear-shaped ITO-PET unit cell fabricated on the PMMA
substrate is designed as the upper topology, and the PMMA-
PET-ITO structure is used as the backboard. With the
designed unit cell, two different resonant modes are simul-
taneously excited at 4.8 GHz and 13.6 GHz, and thus a wide
absorption over 90% is achieved in a wide frequency band
from 3.86 GHz to 15.04 GHz. The proposed transparent
absorber has a low profile of 0.218λg (λg is the wavelength
in substrate at the center frequency), polarization-insensitive
property and wide incident angle characteristic due to the
symmetric structure.

II. TRANSPARENT ABSORBING STRUCUTRE DESIGN
A. ABSORBING STRUCUTRE DESIGN
As shown in Fig. 1, the proposed absorbing unit cell is a two-
layer structure with an air spacer. Each layer is a sandwich
structure consisting of ITO film, PET sheet, and PMMA sub-
strate. On the top layer, a gear-shaped ITO film is designed,
while on the bottom layer a square ITO film is used. The
dimensions of the unit cell are given in Table 1. The relative
permittivities of the PET and PMMA are 3.2-j0.002 and
2.25-j0.001, respectively. The periodicity of the unit cell
is p = 12.9 mm.

In order to simulate the periodical array of the pro-
posed absorber, a finite element based solver with master
and slave boundaries and the floquet ports is adopted. The
absorptivity A can be calculated from the S parameters as
A = 1 − |S11|2 − |S21|2. To maximize the absorptivity A,
the reflection |S11| and the transmission |S21| are simulta-
neously minimized. In order to prevent the incident plane
wave from penetrating through the absorber, the ITO film
with the resistance of 6�/sq acting as a ground is used.
Fig. 2 shows the S parameters and the absorptivity of the

FIGURE 1. Geometry of the designed unit cell.

FIGURE 2. Simulated S parameters and absorptivity of the proposed
absorber.

FIGURE 3. Simulated absorptivities of the proposed structure for
different polarization angles.

proposed absorber when a plane wave is normally incident
on it. It can be observed that the |S11| and |S21| of the
designed absorber are less than−10dB and−25dB in a wide
frequency band of 3.86∼15.04 GHz, respectively. Therefore,
the absorption over 90% can be obtained in the band covering
3.86∼15.04 GHz with a fractional bandwidth of 118.3%.
Note that the fractional bandwidth denotes the ratio of the
absorption bandwidth over 90% to the central frequency.

Fig. 3 plots variation of the absorption with the polarization
angle ϕ of the incident plane wave. As the polarization angle
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FIGURE 4. Simulated absorptivities of the structure for different incident
angles under (a) TE polarization (b) TM polarization.

FIGURE 5. Equivalent impedance of the proposed transparent absorber.

ϕ varies from 0◦ to 45◦, the absorptivity of the proposed
transparent absorber keeps unchanged. The absorber is insen-
sitive to the incident waves with different polarization angles,
because the proposed absorber is of the symmetry.

FIGURE 6. Surface current distributions of the transparent absorber at
(a) 4.8 GHz (b) 13.6 GHz.

FIGURE 7. Surface loss density comparison between the copper based
structure and the ITO film based structure at 4.8 GHz and 13.6 GHz.

The simulated absorptivities at oblique incidence under
both TE and TM polarizations are shown in Fig. 4. It is
found that the absorptions remain almost same with the
increase of the incident angle θ of the plane wave from
0◦ to 30◦ under TE and TM polarizations in the frequency
band of 3.86∼15.04 GHz. When the incident angle θ con-
tinually increases from 30◦ to 45◦, the absorptivity for the
TE polarization gradually decreases. But the absorptivity
larger than 80% is still obtained within entire frequency band.
By comparison, the absorptivity for TM polarization is still
over 90%, while the corresponding absorbing band gradually
becomes narrow. This is because the mismatch impedance
at large angle incidence degrades the absorption efficiency.
With the further increase of the incidence angle θ from 45◦

to 60◦, the absorptivity over 70% for TE polarization and
the absorptivity over 80% for TM polarization, respectively,
can be achieved in the frequency band. Hence the designed
absorber has good incident angle stability.
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FIGURE 8. Variation of absorption with the geometric and material parameters. (a) r . (b) l . (c) h1. (d) td. (e) Re1. (f) n.
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FIGURE 9. Transparent absorber prototype and its light transmittance.

B. ABSORBING MECHANISM ANALYSIS
In order to elaborate the absorbing mechanism of the pro-
posed absorber, equivalent impedance, surface loss property,
surface current distribution, and structure parameters of the
absorber, respectively, are analyzed in this section.

Firstly, we investigate the equivalent impedance η of
the proposed transparent absorber, as shown in Fig. 5.
Note that the equivalent impedance is calculated as η =

η0

√[
(1+ S11)2 − S221

]/[
(1− S11)2 − S221

]
, in which η0 is

wave impedance in free space. It can be seen from Fig. 5 that
in the band covering 3.86-15.04 GHz, the impedance of the
absorber slowly fluctuates in the range of free-space wave
impedance, meaning that the proposed absorber has good
impedance matching with the free space. Hence the plane
wave illuminated on the absorber enters into it with reflec-
tions as less as possible.

According to Fig. 2, there are two absorbing peaks at 4.8
GHz and 13.6 GHz, respectively. We plot the surface current
distributions on the top and bottom ITO films at 4.8 GHz
and 13.6 GHz, respectively, when a plane wave is normally
incident on the absorber, as shown in Fig. 6. At 4.8 GHz,
the surface currents on the top ITOfilmflow along the electric
field, thus giving rise to the electric resonance. On the other
hand, the surface currents on the top ITOfilmflow in an oppo-
site direction to those on the bottom ITO film with the similar
intensity, and therefore the magnetic resonant is generated.
At 13.6 GHz, the resonant mode is only electric resonance
generated by the current on the top ITO film. This is because
the magnitudes of the surface currents on the bottom ITOfilm
are far less than those on the top ITO film. Hence the perfect
absorptivity at the high frequency band results from electric
resonance while both electric and magnetic resonances lead
to high absorption in low band.

In the following, dissipation of the electromagnetic wave
in the transparent absorber is investigated. Fig. 7 shows the
comparison of surface loss density between the proposed
absorber and the reference structure. Here the reference struc-
ture is the same as the proposed absorber except that the
ITO films are replaced by the coppers. It can be found that
electromagnetic wave is hardly absorbed by the reference
structure, which means that the absorption of the proposed
transparent absorber mainly results from the ITO films.

Next, we investigate the absorption as functions of the geo-
metric and material parameters, as shown in Fig. 8. As shown

FIGURE 10. Comparison of the simulated and measured results under
normal incidence. (a) S parameters. (b) Absorption.

in Fig. 8(a), when the radius r of the gear-shaped ITO film
increases from 5.6 mm to 5.9 mm, the first resonant mode
moves towards lower frequencies and meanwhile the second
resonant mode shifts towards higher frequencies. With the
increase of the radius r from 5.9 mm to 6.2 mm, the first
resonant mode continuously moves towards lower frequen-
cies with weaker resonant intensity, while the second reso-
nant mode keeps unchanged. With r = 6.5 mm, the first
resonant mode completely disappears. It can be seen from
Fig. 8(b) that when the length l of the gear-shaped ITO
film increases from 2.8 mm to 4.0 mm, the first resonant
mode keeps unchanged at first and then shifts towards higher
frequencies, and the second resonant mode always moves
towards low frequencies. According to Fig. 8(c), the second
resonant mode shifts towards high frequencies with the fixed
first resonant mode as the thickness h1 of the upper PMMA
substrate decreases. As shown in Fig. 8(d), a similar case
can be observed for the thickness of the air spacer td. It can
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FIGURE 11. Comparison of the simulated and measured results under
oblique incidence.

be observed from Fig. 8(e) that with the increase of the
resistance of the upper ITO film, two resonant frequencies
become increasingly close.When the resistance of the bottom
ITO film Re2 is less than 20 �/sq, the plane wave cannot
penetrate through it and the resultant absorption performance
keeps unchanged. As shown in Fig. 8(f), as the number of the
gear teeth n increases, the second resonantmode continuously
moves towards higher frequencies with a slightly shift of the
first resonant mode towards higher frequencies. Therefore,
in order to achieve the wide band characteristic, the optimized
geometric and material parameters are chosen as follows:
r = 6.2 mm, l = 3.4 mm, h1 = h2 = 0.8 mm, td = 4.5 mm,
Re1 = 40 �/sq, Re2 = 6 �/sq, and n = 12.

III. EXPERIMENTAL RESULTS
In this section, performance of the proposed transparent
absorber will be demonstrated by experiment. The absorber
consisting of the 21 × 21 unit cells is fabricated and its
whole size is 270.9 cm × 270.9 cm. A transparent acrylic
glass square frame with 4.5 mm thickness is used as the air
spacer between two ITO-PET-PMMA structures. The entire
prototype is shown in Fig. 9. It can be observed that due to
use of transparent materials, the light transmittance of 53%
can be achieved.

The prototype was measured in an anechoic chamber. Here
the space wave method [3] and time-domain measurement
system are used for the measurements of both normal and
oblique incidence cases. In experimental setup, a pair of
horn antennas are connected to the vector network analyzer.
In order to eliminate the influence of multiple reflections
and diffractions of electromagnetic wave, the time-domain
gate is reasonably chosen. The reflection and transmission
coefficients of the sample are measured and normalized by
those of a copper plate with the identical dimensions of the
sample. The comparison of S parameters and corresponding
absorption between the simulation and the measurement

TABLE 2. Absorption comparison between the proposed absorber and
reported absorbers.

under normal and oblique incidences are shown in
Figs. 10 and 11, respectively. A good agreement between
the simulation and the measurement is observed to show the
wide absorbing frequency band of 3.86∼15.04 GHz with a
fractional bandwidth of 118.3%. According to simulation and
measurement results, good absorption performance can be
obtained for the incident angle of 30◦ under both TE and TM
polarizations. The fluctuation of themeasured results is due to
fabricated tolerances including fabrication flatness, material
errors and the use of the acrylic square frame.

Furthermore, Table 2 gives the absorbing performance
comparison between the proposed transparent absorber with
the reported transparent structures. It can be seen from
Table 2 that the wider fractional absorption band of 118.1%
can be achieved by the proposed transparent absorber with
a relatively thin thickness of 0.218λg, compared with the
reported transparent absorbers.

IV. CONCLUSION
In this paper, a broadband microwave absorber with the
optically transparent property has been designed. The
absorber consists of two ITO-PET-PMMA structures with
an air spacer. With the different surface resistances of two
ITO films, the electromagnetic resonance and the electric
resonance are generated at lower and higher frequencies,
respectively. The proposed transparent absorber is of low
profile, polarization insensitivity and angle stability. Mea-
sured results are given to exhibit the wide absorption band
of 3.86∼15.04 GHz with a fractional bandwidth of 118.3%.
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