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Abstract: Conventional metamaterial absorbers eliminate the transmitted electromagnetic wave
by attaching the metal plate with the unidirectional absorption performance; these absorbers limit
the practical applications to a large extent. In this paper, we present a broadband bi-directional
metamaterial absorber by etching chip resistors on the resonators for expanding the bandwidth, and
two orthogonal I-shaped structures are pasted on the both sides of the ultra-thin substrate (FR-4)
instead of the metal plate for enhancing absorptance of the absorber. Simulated results show that
absorptance of the designed absorber is larger than 0.9 in 1.43-2.51 GHz along the forward and
backward directions under both TE and TM polarizations. Microwave experiments in the chamber
are performed to verify the simulations, and the experimental results exhibit the excellent agreement
with the simulations. Additionally, two I-shaped structures are orthogonally pasted on an ultrathin
substrate, leading to the impedance-matching of both forward and backward directions, and the
absorptance can be tailed dynamically via the middle layer of the substrate. The physics of the
absorption are visualized by using a transmission line based on equivalent circuits. We claim that the
designed bi-directional metamaterial absorber can be a good candidate for electromagnetic stealth
and energy harvesting.

Keywords: broadband; bi-direction; metamaterial; absorber

1. Introduction

Metamaterial perfect absorbers (MPAs) have had prominent civil and military ap-
plications in electromagnetic (EM) stealth [1,2], EM energy harvesting [3-7], RCS reduc-
tion [8], sensors [9-13], and other fields [14-20] since the MPA was first introduced by
Landy et al. [21]. MPA-based energy harvesters can transfer the electric energy to the nodes
in a wireless sensor network and eliminate the undesirable EM radiations around electronic
equipment. A great deal of effort has been made on the design and implementation of
multi-band [22-25] and broadband MPAs [1,2,26-30] via tailing the various of patterns
and structures. Furthermore, MPAs with good polarization-insensitive performance and
oblique incident tolerance have been realized by different methods [24,31-34]. Recently, the
tunable/switchable MPAs by loading the varactor or PIN diodes have also been achieved
by plentiful research achievements [35-39].

Most of the conventional MPAs are unidirectional absorbers because of the metal
plate attached to the back for eliminating the transmitted EM waves, and the drawbacks
of which limit the practical applications to a great extent. Therefore, bidirectional MPAs
with good performance of polarization tolerance are highly desirable for the significant de-
mand and potential applications. Researchers have tried to design bidirectional absorbers
using various ways [40-42], but still suffer from the difficulties of the bandwidth, absorp-
tance, and polarization tolerance. Few previous bidirectional absorbers have different
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absorption performances in different directions, and manifest the polarization sensitivity
under TE and TM waves in two opposite directions. Stephen presented a bidirectional,
bandwidth-enhanced metamaterial absorber with basic elements of strips and squares,
which exhibited more than 0.9 absorption between 13.40 GHz and 14.25 GHz from the two
incident directions; however, the fractional bandwidth was only 6.15% [40]. This limits the
practical applications.

The bidirectional absorber proposed in this paper, covering the frequency range of
GSM, 3G, and Wi-Fi, thus can be used in the wireless communication system. However,
absorbers in those bands have been proposed as direction-sensitive in the existing literature,
which limits its practical applications. In this paper, we propose a broadband bi-directional
polarization-insensitive MPA working at 1.43-2.51 GHz to efficiently use electromagnetic
energy in the environment. The bandwidth of the designed MPA is extended by etching the
chip resistors on the unit cell resonators; and two orthogonal I-shaped resonators are pasted
on both sides of the ultra-thin substrate (FR-4) to enhance the absorptance. Simulated
absorptance of the designed absorber with the polarization-tolerance performance is larger
than 0.9 in 1.43-2.51 GHz along the forward (+k) and backward (—k) directions. The
fractional bandwidth of this work is 55%. Perfect bidirectional absorber realized in this
way can broaden the bandwidth by a great deal. Microwave experiments in the chamber
are performed to verify the simulations. Significantly, the ultra-thin substrate of the middle
layer is of importance in the impedance-matching of both forward and backward directions,
and the absorptance can be tailed dynamically via the middle layer of the substrate. In
addition, the physics of the absorption is visualized by using equivalent circuits based on
the transmission line theory.

2. Design and Simulation

Figure 1 shows the unit cell of the designed absorber and the unit cell resembles a
sandwich-shaped A-B-A geometry. Layer A, shown in Figure 1a, consists of a cross and
hollow crosses, and the chip resistors are etched on the hollow crosses. Layer B, shown in
Figure 1b,c, is composed of two orthogonal I-shaped structures pasted on both sides of the
ultra-thin substrate. The ultra-thin substrate is of significance in the impedance-matching
of both forward and backward directions. The substrates of layers A and B are FR-4 with a
permittivity of 4.3 and loss tangent of 0.025. The structures of the MPA are copper, with a
thickness of 0.035 mm and conductivity of 5.8 x 10’ S/m. The optimized parameters of
the geometry are shown in Table 1.

The numerical simulation is calculated by using CST. The unit cell boundary is applied
in the x and y directions to mimic infinite boundaries, and the open (add space) boundary
is set in the z direction to represent the propagation of EM waves. When the incident
wave is vertical to the upper surface of the MPA, the absorptance A is calculated from
the S-parameters by A =1 — 15y |2 — 181712, where Sj; is the reflectance and Sy is
the transmittance.

Table 1. Optimized dimensions of the unit cell.

Parameter Ry R» R;3 P Ly L, L; h

Dimension 250 Q) 250 Q) 450 Q) 48 mm 42 mm 23.15 14 mm 17
mm mm

Parameter t1 ta t3 w1 wr w3 wy -

Dimension 2.5 mm 14 mm 0.3 mm 1 mm 1.5 mm 2 mm 3.5 mm -
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Figure 1. The designed absorber. (a) Lateral view of the absorber; (b) front view and (c) back view of

layer B.

3. Results and Discussion

Figure 2a shows the simulated absorptance along the forward and backward directions
both in TE and TM modes. We find that the absorptance is greater than 0.9 in 1.43-2.51 GHz
with the fractional bandwidth of 55%, and all the results coincide with each other perfectly
due to the symmetric geometry of the structure, and the absorptance remains constant at all
the polarization angles from 0° to 45°. Thus, the absorber has good absorption robustness
of the TE and TM polarizations.
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Figure 2. Absorptance with different polarization angles. (a) Forward and backward absorptance in

TE and TM mode; (b) absorptance at different polarization angles. +k represents the EM wave along
the +z direction, and —k represents the EM wave along —z direction.
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Figure 3 shows the absorptance under oblique incidence in TE and TM waves along
+z and —z directions, respectively. The simulation results show that the absorptance of
TE wave along —z and +z directions are both larger than 0.8 in 1.43-2.51 GHz with the
incident angle reaching 45°, shown in Figure 3a,b. For the TM wave, the absorptance along
the —z and +z directions also remain 0.7 at 1.43-2.51 GHz when the incident angle reaches
45°, as shown in Figure 3¢,d. Specifically, we need to emphasize the difference between
the EM coupling of TE and TM waves, and the absorptance of the bidirectional MPA is
mainly due to magnetic coupling. The H-field direction of the TE wave is along the y-axis,
and there is coupling in this case, so the magnetic coupling will not be weakened as the
incident angle increases. For the TM wave, the H-field direction along the x-axis as well
as the absorptance decreases gradually with the increase of the incident angle because of
the decrease in magnetic coupling. However, it is satisfied that the absorptance does not
decrease significantly, which also exceeds 0.7 as the incident angle increases, ranging from
0° to 45° in the case of TM waves in Figure 3c,d.
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Figure 3. Absorptance with different oblique incidence. (a) Absorptance under TE wave along the
—z direction; (b) absorptance under TE wave along the +z direction; (c) absorptance under TM wave
along the —z direction; (d) absorptance under TM wave along the +z direction.

Figure 4 shows the design evolution of the designed absorber. Figure 4a shows
the simulated absorptance of a single A layer of the designed MPA. It can be seen from
Figure 4a that the maximum absorptance is 0.4 in 2.01 GHz. It means more than 60% of
the energy of the EM wave is reflected and transmitted, which ascribes to the impedance
mismatching under this condition. Next, the structure of the double layers of A is simulated
in Figure 4b, and the absorptance is larger than 0.75 in 1.35-2.34 GHz. In what follows, the
direction-insensitive absorber is designed by introducing layer B to layer A. This procedure
leads to the forward-perfect absorption, while the backward absorptance approaches zero,
as shown in Figure 4c. The absorptance (nearly perfect absorption) is dramatically increased
by adding layer B, and thus layer B plays an indispensable role in the perfect absorption.
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Figure 4. Absorptance under different combination structures. (a) Single A structure; (b) A-A
structure; (c) A-B structure; (d) parallel-pasted I-shaped structures of the B layer.

In Figure 2, we have already demonstrated the perfect absorption realized by two
orthogonal I-shaped structures pasted on both sides of the ultra-thin substrate. However,
when two I-shaped structures are pasted in parallel, the absorptance is completely different.
As showed in Figure 4d, the absorption spectrum for the TE mode appears as a peak in
both forward and backward directions. Additionally, the absorptance for the TM mode is
lower than 0.6 in both the forward and backward directions. Therefore, in order to realize
bidirectional absorption of the given absorber, we have to break the symmetry of the B
layer. In addition, the orthogonal symmetry structure can lead to the same absorption
characteristics for both TE and TM waves.

Herein, we also discuss the geometric influence of the directional insensitive MPA. To
avoid the design complexity, parameters have a significant effect on absorptance, including
the thickness of the air, substrate of the B layer, and the value of resistors. Figure 5a,b shows
the absorptance with and without resistors on both TE and TM waves. As the designed
MPA has good performances of polarization-insensitivity and wide-angle incidence, the
absorptance is basically identical under both TE and TM polarization incidence with or
without resistors. The absorptance is generally less than 0.2 below 2.35 GHz without
resistors, and this may be due to impedance mismatches below 2.35 GHz, and two strong
resonant peaks with nearly perfect absorption (A > 0.95) also appear at 2.54 and 2.93 GHz.
From the electric and magnetic energy distribution (not shown in the paper), we can see
that these two strong resonances are excited at the gaps of the rings, and the resonant
peak at 2.54 GHz is mainly caused by the outermost hollow cross gap, as the resonance
at 2.93 GHz is excited by the cross-resonator gap. When loading the resistors, it is found
that the two resonant peaks disappear and form a broadband absorption (A > 0.9) in
1.43-2.51 GHz. This is mainly because the resonant structures of the two resonant places
are destroyed after loading resistors, and the resistors are capable of consuming EM waves.
Thus, the resistors contribute a lot to the perfect broadband absorptance.



Materials 2021, 14, 7339

6 of 12

1.0 f,,ﬁm---v\% ; 1.0 P "ﬂw‘\ 3
o 08r / \S'\" “u‘ o 08f ;/3 ?‘;\& ‘\"\‘
g / Lo 8 b A
§ 06}/ so, 1| & osfy B\l
2 / 4 & / [l
g 04¢ foLe | g 04pf RR'E
g -a Without resistors 4 i“ g ] -~ Without resistors d N/ 3
02 [ - With resistors 90 Jod ] ° \ 02 [ -@ With resistors ;o N o % \‘
aaaagw 9 ) oY -9-9-
auﬂ““oqla I 1 4}0—‘}"‘1“ 1 1
0'01.0 1.5 2.0 2.5 3.0 O'01.0 15 2.0 2.5
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 5. Simulated absorptance with and without resistors: (a) TE wave; (b) TM wave.

Figure 6 shows the influences of the resistors of Ry and Ry under TE and TM po-
larization incidence, respectively. Since the designed absorber is a C4 structure, R; and
R; have the same effect on TE and TM waves. In Figure 6a,b, it can be found that the
absorptance gradually increases as the resistors of R; increase from 100 to 300 ) until it
approaches perfect absorption. This is because the equivalent impedance of the MPA and
the impedance of free space are gradually achieving a perfect match with the increase
of resistors. At the same time, when the resistors of R; increase from 100 to 300 (), the
absorptive spectrum regularly exhibits a slight blueshift, and this phenomenon is because
R; produces a distribution effect; when R; changes, the absorption spectrum appears to be
a frequency shift. In addition, the blueshift phenomenon below 1.5 GHz is obviously better
than other frequency bands, and this is because R; are loaded in the outermost hollow
cross-resonator, which mainly contributes to the absorption of low frequency. Figure 6¢,d
shows the influences of absorptance when adjusting the resistor of Ry, while keeping R;
and R;3 fixed. It can be seen that the absorptance gradually increased with the increase of
R, in 1.43-2.51 GHz, but there is no red shift phenomenon, so we conclude that R, cancels
the blueshift effect caused by R;.
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Figure 6. Simulated absorptance with different values of Ry, Ry: (a,c) TE wave; (b,d) TM wave.
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Figure 7a,b shows the absorptance with different thicknesses of the air (t;) between
layers A and B. When changing ¢, from 8 mm to 24 mm, the bandwidth is narrowed, the
absorptance spectrum shows a redshift, and the absorbance decreases significantly. While
changing the thickness of the air, the capacitance between structures A and B changes,
and the absorptance spectrum thus exhibits a redshift. Additionally, the increase of air
thickness is similar to increasing the dielectric thickness, which will affect the impedance
of the absorber and lead to mismatching with the free space.
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Figure 7. Simulated absorptdance with different values of ¢,: (a) TE wave; (b) TM wave.

Absorption spectra of the substrate of FR-4 (t3) of the B layer with different thicknesses
were simulated in TE and TM modes, as shown in Figure 8a,b, respectively. When changing
the thickness of FR-4 from 0.3 mm to 4.3 mm while fixing other parameters, a distinct
splitting point appears, which is caused by the slot of the I-shaped resonators. Additionally,
with the increase of 3, the absorptance decreases gradually. According to the transmission
line theory (discussed in more detail in part 4), as the thickness of the FR-4 increases,
the equivalent impedance of the absorber will be changed, which leads to the mismatch
between the impedance of the absorber and the free space. In addition, the substrate
of FR-4 has different effects on the absorptance of the TE wave and TM wave. This is
because the B structure is not the perfect C4 structure, which is realized by covering two
orthogonal I-type resonators on the ultra-thin FR-4 dielectric, and with the increase of 3,
the C4 structure will be destroyed, resulting in different absorptances of the TE wave and
TM wave. The results show that the absorptance can be tailed dynamically via the middle
layer of the substrate.
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Figure 8. Simulated absorptance with different values of t3: (a) TE wave; (b) TM wave.

4. Analysis of the Equivalent Circuit

The equivalent circuit layout of the investigated MPA is shown in Figure 9. In TE po-
larization, the metal wires are connected in the vertical direction to produce an inductance
effect, and the slit produces a capacitance effect, thus forming a series resonator with the
lumped resistors. The gap between the inner and outer rings of the metal in the horizontal
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direction produces the capacitance effect, which forms a series resonator with the inner
metal ring. Due to the symmetrical property of the structure, the MPA in TM polarization
has the identical equivalent circuit model. The parameters of the equivalent circuit are
shown in Table 2.

VA Z, Z; Zy Zy

I

R R R R

Port 2 I

Cl—l__|_ 1] CZ—I__l_ Il @_I__l_ll C:l—l_

Figure 9. Equivalent circuit model of the proposed absorber.

Table 2. Optimized parameter value of the equivalent circuit model.

Parameter R; R> R; Ry Parameter C; Cox Co3 Coy
Value 44 g 0.01 900.01 0.01 Value 2.75 0.66 17.12 0.61
(9)] (pF)
Parameter Lq L, Ls Ly Parameter Cj Csz Cs3 Cay
Value Value
27.31 4.96 0.01 24.01 1.21 0.01 11.11 0.88
(nH) (pF)
Parameter C; Ci2 C13 C1a Parameter Cg4 - - -
Value Value
0.31 0.28 0.01 1.55 3.61 - - -
(pF) (pF)

The equivalent admittance of each single resonator can be obtained as follows [43,44]:

= + jwCip + 1 + ! 1)
! Rq +]wL1 + jwlcl / 12 jwclfi jCUC14
Y. + jwCo + ! + ! )
2= . 2t =1
Ry + jwLy + jwlcz / jwCas  jwCyy
Y3 = + jwCsp + ! + ! 3)
> Rs+jwls + G T T G0y T jwCas
1
Yy = , T 4)
R4+ ](UL4 + jen
The equivalent admittance of the resonators can be expressed as:
YRe =1+ Y2 +Y3+Yy (5)
The equivalent impedance can be expressed as:
1
ZRe (6)

Ve
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According to the transmission line theory (TLM), the equivalent impedance of the
dielectric substrate is:

. 1 27
Z4 :]Zowls—tan(Tf\/erd) 7)
Therefore, the equivalent impedance of the proposed absorber can be expressed as:

. ZRe X Zd

= 8
Zre +Z4 ®)

Zy

The reflection coefficient of the absorber can be obtained as follows:

Zr _ZO
Zr+ZO

FVZZMg’ ©)

where Z represents the wave impedance of free space, ¢, represents the dielectric constant
of the dielectric substrate, and d is the thickness of the dielectric substrate. The reflectance
and absorptance simulated in Advanced Design System (ADS) software according to TLM
is shown in Figure 10. It is found that the reflectance and absorptance of TLM, both
simulated and measured, basically coincide.

1.0 1.0
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(a) (b)
Figure 10. Simulated, measured, and TLM (a) reflectance and (b) absorptance of the proposed absorber.

5. Experimental Verification

For the experiment, the measured sample (50 x 50 cm?) with the identical geometry
with the simulation was fabricated by using standard printed circuit board (PCB) technol-
ogy. Four holes were drilled in four corners of the sample with a diameter of 1 cm to fix the
MPA for the experimental verification, and the experimental sample is shown in Figure 11a.
The reflection and transmission parameters were measured by using a pair of identical
standard broadband horn antennas (1-18 GHz), which connected to the Vector Network
Analyzer (Agilent E8362B) via cables in the anechoic chamber, as shown in Figure 11b. The
distance between the horn antenna and MPA was maintained to avoid the near field effects.
Additionally, a metal plate with the same size of the sample was used for calibration before
the test.

The experimental results follow the same trend as the simulation shown in Figure 12.
Figure 12a shows the measured absorptance for forward and backward incidence un-
der both TE and TM polarizations, and we can see that the absorptance is greater than
0.9 in 1.43-2.51 GHz with a fractional bandwidth of 55%. Figure 12b,c shows that the
bi-directional MPA is polarization-insensitive for both TE and TM polarizations. The
measured results basically coincide with the simulated results. These experimental results
prove that our previous simulations are basically correct.
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Figure 11. (a) Photograph of the fabricated sample; (b) photograph of the experimental environment.
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Figure 12. Measured absorption properties of the designed absorber. (a) Forward and backward
absorptance in TE and TM mode; (b,c) absorptance responses of TE and TM modes vary with
frequencies at different polarization angles.

6. Conclusions

In conclusion, we have numerically and experimentally proposed a broadband bi-
directional polarization-insensitive MPA working at 1.43-2.51 GHz to efficiently use elec-
tromagnetic energy in the environment. The absorptance of the designed absorber is larger
than 0.9 in 1.43-2.51 GHz along the forward and backward directions under both TE and
TM polarizations. The absorptance was also shown to keep a high value under both TE
and TM polarizations, with an incident angle up to 45°. The design evolution elaborated
how the structure contributes to the direction-insensitivity absorption. What counts is that
the ultra-thin substrate of the middle layer is of importance in the impedance matching
of both forward and backward directions. Microwave experiments in the chamber were
performed to verify the simulations, and the experimental results exhibited excellent agree-
ment with the simulations. The transmission line theory was introduced to effectively
visualize the physics of the designed absorber’s absorption. We claim that the designed
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bi-directional metamaterial absorber can be a good candidate for electromagnetic stealth
and energy harvesting.
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