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Abstract

In this work, we propose a broadband, polarization-insensitive and wide incident angle stable
metamaterial absorber (MA) based on the resistive film. The absorber consists of a three-layer
structure with each layer of dielectric substrate printed with different shapes of resistive film.
The multilayer structure not only extends the absorption bandwidth but also maintains high
absorption under large wave incident angles. Numerical simulation shows that the absorptiv-
ity of a normal incident wave is above 90% in the frequency range 2.34–18.95 GHz, corre-
sponding to a relative absorption bandwidth of 156%. Moreover, the whole MA structure
has a total thickness of 11.3 mm, corresponding to 0.09 λ0 at its lowest absorption frequency.
Due to the high symmetry of the structure, the absorber has good polarization insensitivity. In
addition, for both transverse electric and transverse magnetic incidence, the proposed
absorber achieves an absorptivity of more than 80% at incident angles of up to 45° and
thus has good stability for wide incident angles. The absorption principle of the absorber is
analyzed by the surface current and power loss density distribution. Parameter analysis is
also performed for bandwidth optimization. Due to its advantages of wideband absorption
with high efficiency, the proposed absorber has the potential to be applied to the energy-har-
vesting and electromagnetic stealth fields.

Introduction

A metamaterial is a new type of artificial electromagnetic (EM) material consisting of meta-
molecules arranged in an array of subwavelength periods. Based on the design of the unit
structure and its periodic arrangement, a series of unusual EM characteristics can be obtained,
such as negative refractive index [1, 2], perfect imaging [3, 4], and invisibility cloak [5]. At
present, metamaterials have been realized in different EM frequency bands, ranging from
microwave to visible light [6–11].

In recent years, the design concepts of metamaterial absorbers (MAs) have received much
attention in academic fields. In 2008, a perfect MA was first presented by Landy et al. [12].
Subsequently, MA design has focused on wideband absorption, polarization-insensitive and
large-incident-angle stability [13–21]. In order to increase the absorption bandwidth [22, 23],
several methods have been utilized. For instance, wideband absorption can be achieved by pack-
ing multiple resonance structures [24], using multilayer structures [25, 26], or loading the
lumped elements [14, 18, 27, 28]. The absorption peak can also be widened by increasing the
resistance of the resonator. In these circumstances, the EM resonance can be converted into a
circuit resonance between the resonance structure and the ground plate, leading to wideband
EM wave absorption.

In this work, we propose a multilayer broadband MA based on the resistive film. By com-
bining the advantages of resistive resonance structures and multilayer concepts, the proposed
absorber can offer wideband absorption and large incident angle stability. A high absorption
(greater than 90%) is achieved in an ultra-wide frequency range 2.34–18.95 GHz, correspond-
ing to a relative absorption bandwidth of 156%. Moreover, in the case of oblique incidence,
when the incident angle is up to 45°, the absorptivity is greater than 80% in the frequency
range 2.38–19.42 GHz in transverse electric (TE) mode. In transverse magnetic (TM) mode,
the absorption is maintained above 90% in the frequency range 2.95–18.79 GHz for incident
angles up to 60°. Compared with previous reports, our proposed structure has prominent
oblique incidence stability and thus has the potential to be used in EM energy harvest
applications.
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Structure design and simulation

The designed MA structure consists of three-patterned resistance
film layers, three dielectric substrate layers, and a metallic ground
plate. The substrates were realized on Peek with a relative permit-
tivity of 3.2 and a loss tangent of 0.001. The metallic ground plate
is made of copper with a thickness of 0.017 mm and electric con-
ductivity of 5.8 × 107 S/m. The configuration of the unit cell struc-
ture is shown in Fig. 1 and the optimized parameters of the MA
are listed in Table 1.

The absorptivity can be defined as

A (v) = 1− R (v)− T (v) = 1− |S11 (v)|2 − |S21 (v)|2, (1)

where S11 (ω) and S21 (ω) are the reflection and transmission coef-
ficients, respectively. In the simulation, S21 (ω) is almost zero due
to the existence of the metallic ground plate and thus the absorp-
tivity is determined only by the reflectivity R (ω). Thus, the
absorption can be calculated using the equation:

A (v) = 1− R (v) = 1− |S11 (v)|2. (2)

The simulation results were obtained using a finite-difference
time-domain method. In the simulations, unit cell boundary con-
ditions were employed in the x and y directions and the Floquet
port condition was utilized in the z direction. Moreover, we use
different sheet resistances to simulate different resistive films.
The absorption spectrum of the absorber under the normal

incidence of the TE- and TM-polarized wave is shown in Fig. 2.
It can be observed that the absorption is above 0.9 in the fre-
quency range 2.34–18.95 GHz for normal incidence. The relative
absorption bandwidth WRAB of the absorber can be defined as:

WRAB = 2( fU − fL)
(fU + fL)

, (3)

where fU and fL are the high and low limits of the frequency range
with an absorption above 0.9, respectively. From equation (3) it
can be seen that the WRAB value of the proposed MA can reach
156%.

The normalized input impedance of the MA is defined by：

Z(f ) =
�����������������
(1+ S11)

2 − S221
(1− S11)

2 − S221

√
. (4)

Figure 3 shows the normalized input impedance of the
designed MA. From Fig. 3, it can be seen that the real part of
the normalized input impedance is near unity and the imaginary
part is near zero, which approximately matches the impedance of
free space in the frequency range 2.34–18.95 GHz. Hence, the MA
provides effective wideband absorption.

Table 2 compares the performance of the proposed absorber
with some other broadband MAs that have been recently
reported. As shown in Table 2, the proposed MA exhibits ultra-
wideband absorption with high absorptivity. Most importantly,

Fig. 1. Schematic geometry of unit cell for broadband MA. (a)
Multilayer structure. (b) Bottom layer with square-modified res-
onator (SMR). (c) Middle layer with square ring resonator (SRR).
(d) Top layer with square patch.

Table 1. Dimensions and parameters of the proposed absorber

Parameter Value (mm) Parameter Value (mm) Parameter Value

a 23.2 f 5 R1 50Ω/□

b 20.4 g 3.8 R2 100Ω/□

c 2 h1 4.2 R3 100Ω/□

d 5.4 h2 3.5 t 0.017 mm

e 9.2 h3 3.6
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the lower absorption limit of the proposed MA is much lower
than the other reported results, which provides a significant
advantage for EM stealth.

Results and discussion

Absorption mechanism

At the first stage, an equivalent circuit model (ECM) is performed
to analyze the proposed structure. Figure 4 illustrates the ECM of

Fig. 2. Absorption spectrum under normal incidence of TE- and TM-polarized wave.

Fig. 3. Normalized input impedance of the proposed MA.

Table 2. Performance comparison of wideband MAs, where λ0 is the wavelength of the lowest absorption frequency

MA
Thickness
(mm) Absorption bandwidth (GHz)

Fractional
Bandwidth (%) Absorptivity (%) Layers Polarization insensitivity

[29] 0.104 λ0 4.6–18 118.6 >85 3 Yes

[30] 0.10 λ0 8.37–21 86 >90 4 No

[31] 0.06 λ0 4.52–25.42 139.6 >80 4 Yes

[32] 0.06 λ0 4.82–12.23 86.9 >80 2 Yes

[33] 0.11 λ0 4.7–50 165.6 >90 3 Yes

[34] 0.08 λ0 6.1–22.1 113.5 >85 2 Yes

This paper 0.09 λ0 2.34–18.95 156 >90 3 Yes

Fig. 4. Equivalent circuit model of the proposed MA.

Fig. 5. Absorption spectra for different combinations of resonators.
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the proposed multi-layer MA, as each resistive layer can be repre-
sented by a series Resistor-Inductance-Capacitance (RLC) circuit
where Ci represents the coupling capacitance between two neigh-
boring patches. Li and Ri represent the equivalent inductance and
resistance of the resistive patch, respectively. Based on the trans-
mission line theory, the input impedance at each layer shown in

Fig. 4 can be expressed as:

Zini = Zi
Zini−1 + jZitan(bhi)
Zi + jZini−1 tan(bhi)

(i = 1, 3, 5), (5)

Zini =
ZiZini−1

Zi + Zini−1

(i = 2, 4, 6). (6)

Fig. 6. Surface current distribution in (a1)–(a5) copper ground layer, (b1)–(b5) SMR layer, (c1)–(c5) SRR layer, (d1)–(d5) square patch layer at frequencies of
f1 = 2.9 GHz, f2 = 7.1 GHz, f3 = 10.4 GHz, f4 = 15.3 GHz, and f5 = 17.5 GHz.
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Hence, the reflection of the whole structure can be described as

R = Z0 − Zin6

Z0 + Zin6
, (7)

where Z0 is the wave impedance of free space. Combining equa-
tion (7) with (2), one can get the total absorption of the proposed
MA.

The absorption spectra for different combinations of resonators
are shown in Fig. 5 in order to facilitate a detailed explanation of
the wideband absorption mechanism of the MA. Figure 5 shows
that single layer SMR provides neither broadband absorption nor
high absorptivity. However, by introducing another square-
modified resonator (SRR) structure into the MA, a broader absorp-
tion bandwidth can be achieved due to the better impedance
matching with free space at higher frequencies. Additionally, by
packing a square patch into the MA, ultra-wideband absorption
can be realized due to overlap between the broadened resonance
peaks of the resonator as the resistance increases, ensuring a high
absorption within a wide frequency range.

The surface current distribution of each conductive layer can
be plotted in order to further understand the physical mechanism
of the absorption. The surface current distributions are illustrated
in Fig. 6 at the resonant frequencies of 2.9, 7.1, 10.4, 15.3, and
17.5 GHz. As can be seen by comparing Fig. 6(a1) and (b1), the
strongly confined surface current in the SMR is anti-parallel
with that in the copper ground plate, which forms an equivalent
current loop and excites a magnetic resonance at 2.9 GHz.
Therefore, the excellent resonance absorption at the first peak fre-
quency is primarily attributed to the coupling between the SMR
structure and the copper ground.

For the second resonance peak, Fig. 6(a2)–(d2) shows that the
surface current distribution is mainly concentrated at the inner
edges of the SMR, which means that an electric resonance is
excited at the second resonance frequency. Similarly, for the
third peak at 10.4 GHz, the surface current is strongly localized

at the four corners of SRR, as the SRR layer plays an important
role in wave absorption.

Figure 6(a4)–(d4) shows that the surface current in the SMR is
anti-parallel to the surface current in the square patch, and the
amplitude of the surface current in the SMR layer and top layer
is higher than that of the other two layers, indicating that the
absorption peak at 15.3 GHz is due to the magnetic resonance
between these two layers. Finally, the fifth absorption peak at
17.5 GHz is due to both electric and magnetic resonances which
contribute to the incident wave absorption. Moreover, at these res-
onance frequencies, there is more power consumption due to the
stronger ohmic loss, which leads to a higher EM wave absorption.

Figure 7 depicts the power loss density distributions on the
surface of the SMR (a1–e1), SRR (a2–e2), and square patch layers
(a3–e3) at five different absorption peaks. The figures show that
the power loss densities are concentrated at the edges of each res-
onance structure layer, where there is an intensive electric field
within the absorber. Therefore, these resistive films are the
main power consumer. Furthermore, as mentioned above, the
power loss density of different resistive resonators varies at differ-
ent absorption peaks, which indicates that a combination of mul-
tiple resonance layers can provide wideband absorption of the
incident wave.

Absorption spectrum dependence on geometrical parameters

Figure 8 demonstrates the effect of the geometrical structure on the
absorptivity of the MA. As shown in Fig. 8(a), changes in the loss
tangent of the substrate have only a very slight influence on the
absorption performance of the MA, which further illustrates that
the dielectric layers have little effect on the energy consumption.
Figure 8(b) shows the influence of the dielectric constant of the sub-
strate which is that both the absorption bandwidth and the absorp-
tivity decrease as the dielectric constant increases. Additionally, all
absorption peaks show an obvious red-shift when the substrate
dielectric constant increases from 2.2 to 4.2. Hence, by using a sub-
strate with a smaller dielectric constant, the absorption bandwidth
of the proposed MA could be further increased.

Fig. 7. Distribution of power losses in the three resistive
film layers corresponding to five peak absorption fre-
quencies: (a1)–(e1) SMR layer, (a2)–(e2) SRR layer and
(a3)–(e3) square patch layer.
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Fig. 8. Absorption spectrum dependence on (a) loss tangent, (b) dielectric constant of the dielectric substrate, (c) gap width c of SMR layer, (d) inner edge length f
of SRR layer, (e) length g of square patch, surface resistance of (f) SMR R1, (g) SRR R2, and (h) square patch R3.
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The influence of the gap in the SMR layer (denoted by c) on the
absorption spectrum is presented in Fig. 8(c). As the capacitance
between each split gap is dependent on c, as c increases, the equiva-
lent capacitance decreases. Hence, the resonant peaks shift to
higher frequencies, especially for the first and second absorption
peak, which originate from the SMR layer. Figure 8(d) demon-
strates the effect of the inner side length of the SRR layer (denoted
by f ) on the absorption spectrum. As f increases, the peak absorp-
tion of the third resonance frequency decreases, since a decrease in
the overall length of SRR causes a decrease in the SRR inductance
and therefore the resonant intensity of the third peak decreases and
the resonance frequency is blue shifted. The effect of the length of
the top square patch (denoted by g) is presented in Fig. 8(e). As g
increases, the highest peak absorption frequency blue shifts and
thus the total absorption bandwidth increases. However, an
increase in g lowers the resonant intensity as the absorptivity
decreases across the whole absorption band.

The influence of the surface resistance of each resistive layer on
the absorbance performance of the MA is further illustrated in (Fig
8(f)–8(h)), which shows that the surface resistance of the bottom
SMR layer has the greatest influence on the incident wave absorp-
tion and that the surface resistance of the top square patch plays
only a minor role in absorbing EM waves. This phenomenon can
be explained by referring to the surface current distributions
shown in Fig. 6 which shows that the surface current in the bottom

square ring resonator (SMR) layer is much stronger than in the top
square patch. Hence, the performance of the MA is more sensitive
to surface resistance of the bottom SMR layer.

Absorption spectrum dependence on wave polarization and
incident angle

The proposed structure is further analyzed under different wave
polarizations and Fig. 9 shows the simulated absorption spectra
at different polarization angles. Since the multi-layer structure is
symmetrical, the angle of polarization only needs to be analyzed
up to 45°. It can be seen that the absorption performance of
the MA remains unchanged when the polarization angle is
adjusted from 0° to 45°. Therefore, the proposed MA is insensitive
to the polarization of the incident EM waves.

Finally, the absorption performance of the designed MA under
oblique incidences has been studied. For TE polarization, as
depicted in Fig. 10(a), the absorption spectrum remains almost
the same for incident angles up to 30°. As the incident angle con-
tinues to increase, the absorption decreases. This is due to the fact
that for TE-polarized wave, the increase of incident angle reduces
the horizontal component of the electric field intensity. Therefore,
the field concentration on resistive films generated by the incident
electric field is gradually weakened, which leads to a decrease of
EM wave absorption. However, at an incident angle of 60°, the
absorptivity is still above 0.7 for frequencies above 2.38 GHz.
For TM polarization, as shown in Fig. 10(b), the absorptivity
remains above 0.9 for incident angles up to 60° in the frequency
range 2.95–18.79 GHz. Therefore, the proposed MA has good
broadband absorption performance for both TE and TM polar-
ized waves for a wide range of incident angles under oblique
incidence.

Conclusion

In this work, we have presented broadband, polarization-insensitive
MA based on multiple resistive film layers. The simulated results
have demonstrated that the absorption of the designed MA is
greater than 90% in the frequency range from 2.34 to 18.95 GHz,
corresponding to a relative absorption bandwidth of 156%. The
absorption mechanism has been analyzed by studying the surface
current distributions and the power loss density distributions,

Fig. 9. Absorption spectrum at different wave polarization angles.

Fig. 10. Absorption spectrum at different incident angles. (a) TE-polarized wave. (b) TM-polarized wave.
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and Ohmic losses within the multiple resistive layers play an
important role in effective wideband absorption. Additionally, the
effects of various geometrical structural parameters on the absorp-
tion performance were also examined. One of the most attractive
features of the proposed MA is that for both TE and TM inci-
dences, wide-incident-angle stability has been demonstrated,
which is important for energy harvesting. For structure realization,
one can use conductive ink to print resistive patterns, while the
proposed MA can be easily integrated with screen-printing technol-
ogy or inkjet-printing technology. The proposed structure is com-
pact, effective and ultra-broadband, and is suitable for potential
applications in EM stealth and shielding.
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