SCIE

OPEN :

www.nature.com/scientificreports

NTIFIC REPQRTS

Facile design of an ultra-thin
broadband metamaterial a rber

for C-band applications

Received: 21 August 2018
Accepted: 16 November 2018
Published: 24 January 2019

 We report a facile design of an ultra-thin broadband metama
. applications by utilizing a single layer of a metal-dielectric-
. absorption performances are characterized using a nu

Nguyen Thi Quynh Hoa?, Tran Sy Tuan?, Lam Trung Hieu® & Pach lang?

A) for C-band
of FR-4 substrate. The
. The proposed MA exhibits the

broadband absorption response over the entire C-ba ge from 4.0 GHz to 8.0 GHz with

40° under both transverse electric (TE) and trans ic (TM) polarizations over the band. The
origin of absorption mechanism is explained by th and surface current distributions, which
is also supported by the retrieved constitutive elect{omagnetic parameters, significantly affected by

. greater practical feasibility in term 1le and wide incident angle insensitivity, suggesting that

" the proposed absorber is a pro

. cations. Some
. one uses the t
© stacking multi

proaches have been developed for bandwidth enhancement?®. Among those common ones,
-dimensjonal patterns of blending various unit cells of PA peak?™, while the other utilizes the

n bandwidth and sophistication of the fabrication process, thus prevent for real application
s. For example, in the first method, the absorption band is not wide enough due to their reso-
JMeanwhile, in the second one, the bandwidth of MA can be controlled via increasing the number
/dielectric®. However, the multilayer structure remains truly challenging. Therefore, many efforts
arried out to find a simple MA structure having both wide bandwidth and good absorption perfor-
r practical applications, e.g., single layer of L-shape®, modified L-shape!'®!! and circular split rings'>"?
ures as recently reported. Recently, loading with lumped elements on top surface of MA is proposed to

© extend the absorption band of such MAs!*-'7. However, this method s still required high cost and time consum-

ng for manufacturing process. In addition, most of these studies have been successfully designed microwave MA

© structures operated at frequency band above C-band®-"7, but very few investigations of MAs for lower frequency
. absorption band, such as C-band, have been reported so far'®.

In this study, we propose a facile design of ultra-thin broadband MA for C band applications by utilizing a

. single layer of a metal-dielectric-metal structure of FR-4 substrate. The absorption performance and physical
. absorption mechanism are thoroughly investigated using a numerical method. The proposed absorber exhibits
© the perfect absorptivity in the frequency range of 4.0 GHz to 8.0 GHz covering entire C-band. Furthermore, the
. high absorptivity is maintained larger than 80% with a wide incident angle up to 40° for both transverse electric

(TE) and transverse magnetic (TM).
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Figure 1. Schematic of a unit cell of the proposed
equivalent circuit model.

Structure Design

patch by utilizing a multi-shape
patch resonators are brought

geometry in one direct
the combination of
composed of the

to design an efficient broadband absorber. The proposed MA structure is
wo different sized and shaped patch resonators in which one resonator is an
. 1. The proposed MA configuration consists of a copper top layer patch periodic

separated by an FR-4 dielectric substrate. In this work, we use the FR-4 substrate with
’3 and loss tangent of 0.025, and the copper layers with thickness (f) of 0.035 mm and the
ivity (o) of 5.96 x 107 S/m.

dielectri

ree series RLC circuits in parallel correspondmg to the three components of the copper top layer.
oa shorted transmission line modeling for the dielectric layer of an FR-4 substrate with a length of h. The
bance of the absorber can be defined by:

Aw)=1—-Rw)=1— Zin(L
Z, (W) + Z, (1)
where
1 1 1
= +
ZiyW)  Z, (W) Z; (W) )
1 1 1 1
Zy @) Ry 4juli+ —— Ry 4 jwl,+ —— Ry jwly + ——

" 1 1 jwCy 2 2 jwCy 3 3 JjwCs (3)

Zfw) =j { "0 tan(kh)
€& (4)
k = kol . [0, (5)
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of the extracted effective input impedance (Z) of the proposed MA for

above analy81s the perfect broadband absorber can be achleved when the input characteristic
) is equal to the characteristic impedance of free space (Z,). The input impedance of MA can be

obtain the higher absorbance in entire C-band.

The absorption spectra of the proposed MA is simulated at different thickness (h) of FR4 substrate in range
of 3.4-5.0nm, as shown in Fig. 2(a). The thickness d =4.2 mm is chosen for the highest absorbance and wid-
est bandwidth. Once the thickness of FR4 substrate is determined, the absorption for different sizes of outer
radius of DSA (R,) in the range of 5.4-7.0 mm and radius of ICR (r) in range of 2.9-3.7 mm can be simulated
and the optimized values are 6.2 nm and 3.3 nm, respectively, as shown in Fig. 2(b,c). As a result, the optimized
geometric dimension parameters of the unit cell are as following: R, =6.2mm, R, =R; =4.5mm, r=3.3mm
and P=15.6 mm. The centers of circles with radius R}, R, va R; are O,(0 mm, 0 mm), O, (3.7 mm, —3.7 mm), and
0O;(—3.7mm, 3.7 mm), respectively.

Results and Discussion

The absorption spectra of the proposed broadband MA at normal incidence for both TE and TM polarizations
illustrate in Fig. 3. The proposed MA exhibits three distinct absorption peaks at 4.2 GHz, 5.6 GHz, and 7.7 GHz,
corresponding to the maximum absorptivities of 99.6%, 99.9%, and 99.7%, respectively. Importantly, the high
absorptivity lager than 90% is obtained in a wide frequency range of 4.0 GHz to 8.0 GHz, covering the entire
C-band. The relative absorption bandwidth (RAB), defined as RAB = 2 x U — U + 1) where 1y and f,
are the upper and lower frequency band with absorptivity above 90% respectlvely, reaches about 66. 67%, whlcﬁ
indicates a good wideband property. Furthermore, the absorption spectra of the proposed MA are absolutely
unchanged for both TE and TM polarizations.
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Figure 4. (a) Absorption spectra of the proposed MA under nor nt angle for both TE and TM
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At the resonant frequency range of 4.0 GHz- 8.0 GHz, the impedance matching between the proposed MA
and free space has occurred, thus the near perfect absorption of the proposed MA is achieved. It is evidenced by
the real part and the imaginary part of the normalized input impedance of approximately 1 and 0, respectively, as

shown in Fig. 4, which are calculated using S parameters (6)**.

7 — ’(1 +8) -8 _ 1 +Su
a- S11)2 - 5212 1=8, (6)

To further investigate the polarization behaviors of the proposed MA, the absorption performance has been
studied for the different polarization angles for TE polarizations under normal incidence. Figure 5 shows the absorp-
tion spectra with different polarization angles for TE polarization. The absorptivity of the proposed MA is decreased
with increasing the polarization angle from 0° to 40° and then increases with further increasing the polarization
angle from 50° to 90°, indicating that the proposed MA structure is polarization sensitivity. Moreover, the absorp-
tivity is almost identical in case of the polarization angle of 0° and 90°, 10° and 80°, 10° and 80°, 20° and 70°, 30° and
60°, 40° and 50° respectively. However, the bandwidth of the proposed MA remains approximately constant with the
change of the polarization angle. It should be noted that MA structure with polarization sensitive for the two polar-
izations of TE and TM can be well suited to many practical applications like radar imaging, defense system, etc?>%.
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Figure 6. Absorption efficiencies as a function of incidént angle for (a,c) TE and (b,d) TM polarizations. In (a)
and (b) plot the absorptivity lines at the ss d incide

Subsequently, the investi
wave is performed under

orber behavior of the designed structure with obliquely incident EM
polarizations. Figure 6 shows the absorption spectra of the proposed

to 40° for both TE olarizations. With increasing the incident angle, there are some strong oscilla-
tions, which appeaii frequency band. This phenomenon was also observed in recent reports'>!>2,
ightly affect to absorption spectra of the proposed MA at operating frequency
asing thg incident angle from 0° to 40°. Therefore, the proposed MA can be operated for a wide
r both TE and TM polarizations.

sorption mechanism, the electric field and the surface current distributions of the pro-
ied out at the frequencies corresponding to the three absorption peaks. From Fig. 7(a-c), the

d not only in the corner of DSA but also in outer of ICR. The top and bottom surface current distribu-
at three frequencies are illustrated in Fig. 7(d-k). At lower resonance frequencies at 4.2 GHz and 5.6 GHz,
the'top surface current is strong coupled along the edges of DSA. Thus, the strong induced electric field is created

nd it reverses to the incident electric field, which confirms the excited electric field is stronger than the incident
electric field?’. Therefore, the electric resonance is excited at 4.2 GHz and 5.6 GHz. Meanwhile, the top surface
current distribution is anti-parallel with the bottom current distribution, thus the circulating current is created
and formed the induced magnetic field. It indicates that the strong magnetic resonance is contributed to these
resonant frequencies?®?. Therefore, the lower frequencies of 4.2 GHz and 5.6 GHz are fully understood to be the
magnetic and the electric resonance at the same frequency.

The origin of the absorption mechanism is the most important issue, whether it is due to a magnetic resonance
and/or an electric resonance. To gain insights into the physics mechanism of the proposed structure, constitutive
electromagnetic parameters are retrieved for the normal incidence. The effective permittivity (¢.4) and effective
permeability (i,g) are given in (7), where d is the distance to be traveled by the incident wave and k, is the wave-
number of the free space***°.

Eqr=1 z_j_sll —1

& kod Sy + 1

2j S, +1

=14+ Z2ut-
Fey kd S, — 1 @
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eld, and surface current on (d-f) the top layer and (g-k) bottom
with various resonant frequencies of 4.2 GHz, 5.6 GHz, and 7.7 GHz,

eal that a negative real part of permeability is achieved. It means that the MA structure is
ternally applied field, creates the magnetic dipole in the opposite direction to the externally
s, the proposed structure is dominantly driven by the magnetic resonance®..

with other methods for extraction of constitutive parameters?*2, this method is more convenient

Fig. 9. It shows the good agreement between the simulated and computed results, indicating the validity of the
parameter extraction process.

Finally, the comparison of absorption performance between our proposed MA and other broadband MA is
studied. The MA characteristics in terms of resonant frequency range, relative bandwidth, incident angle insen-
sitivity, and thickness are shown in Table 1. It can be observed that the proposed MA is very thin thickness
(0.085X at the center absorption frequency) characterized by wide incident angle insensitivity and moderate
relative absorption bandwidth.

Conclusion

A facile design of an ultra-thin broadband MA for C-band applications is proposed using a numerical method.
The proposed MA is composed of a single layer metal-dielectric-metal structure based on FR-4 substrate. The
broadband absorption response over the entire C-band spectrum range from 4.0 GHz to 8.0 GHz with the absorp-
tion efficiency greater than 90% and RAB of 66.67% at normal incidence is achieved. The high absorptivity of
proposed MA is also retained over 80% for the large incident angle up to 40° under both TE and TM polari-
zations. The absorption mechanism of broadband metamaterial absorber is investigated by using electric and
surface current distributions, which is also confirmed via the retrieved constitutive electromagnetic parameters,
significantly affected by magnetic resonance. In addition, compared with the previous reports, the proposed MA
presents a greater practical feasibility in term of low-profile and wide incident angle insensitivity, suggesting that
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Figure 9. Co ison gf computed and simulated reflection spectra of the proposed MA.

10.45-17.64 40 (above 70%) 40 (above 70%) 0.071x

20.59-43.73 71.95 15 (above 80%) 15 (above 80%) 0.IX
137 7.85-12.25 1 15 (above 80%) | 15 (above 80%) | 0.067\
7 7.93-17.18 73.68 20 (above 90%) 20 (above 90%) 0.194)
3 7.37-13.76 60.48 45 (above 80%) 45 (above 80%) 0.095X
Proposed structure | 4.0-8.0 66.67 40 (above 80%) 40 (above 80%) 0.085)

Table 1. Compared absorption performance of the proposed absorber with other broadband absorbers.

the proposed absorber is a promising candidate for the C-band applications such as radar cross section and EM
interference reduction.

Methods

The commercial CST-Microwave Studio software is used to investigate the absorption performance of the
designed structure. The simulation on the unit cell is performed with the periodic boundary condition in the x-y
plane. As shown in Fig. 1(a), the EM radiation is polarized in such a way that the wave vector is perpendicular and
goes to the front of the slab. The simulation is performed in free space.
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The absorption of the metamaterial can be calculated by A(w) =1 — T(w) — R(w), where A(w), R(w) and T(w)

are the absorption, reflection, and transmission of the absorber, respectively. The transmission T(w) and reflec-
tion R(w) are determined from the frequency-dependent S-parameter S;,(w) and S,,(w), where T(w)=S,,(w)?
and R(w) =S, ;(w)|*. Because the thickness of the copper slab is thick enough to forbid the transmission of the
incident wave (T(w)=0), the absorption could be simplified to be A(w)=1 - R(w).
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