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ABSTRACT
A broadband perfect metamaterial absorber (MA) based on bilayer
resistive films with different structure units is proposed in the
microwave regime. An equivalent circuit model based on trans-
mission line theory is established to guide the absorber design
and explain its broadband and perfect absorption mechanism. The
absorber characters high absorptivity and stable angular. The MA
displays more than 98% absorption from 4.9 to 22.6 GHz at normal
incidence. The performance is suitable for transverse electric (TE) and
transverse magnetic (TM) waves at normal incidence, while absorp-
tion is better than 90% (80%) within the oblique incidence 50° (60°).
The measured results of absorption and 10 dB radar cross section
(RCS) agree well with the simulated ones.
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Introduction

Microwave absorbers (MA) are widely used in electromagnetic shielding, wireless com-
munication, imaging, and radar cross section (RCS) reduction to absorb and dissipate
electromagnetic (EM) energy [1–5]. Salisbury screen and pyramidal absorbers have been
successively proposed for wide bandwidth absorption, while the large weight [6] and low
angular stability [7] limit their potential applications in many fields.

Metamaterial has become an attractive research direction owing to its special properties
in electromagnetic fields.Metamaterial absorbers can remove energy from the electromag-
netic waves by perfectly matching air impedance to achieve good absorption performance
by consuming the energy of the incident EM waves [8–12]. In recent years, metamate-
rial absorbers have made great progress in polishing up the performance of broadband
or oblique incidence. Resistive films were employed to accomplish a broadband absorber,
obtaining more than 90% absorptivity from 6.06 to 14.66GHz [13]. Multi-layer structure
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is employed to expand operating bandwidth, which achieves a bandwidth with absorp-
tion of 90% from 4.73 to 39.04GHz [14]. To enhance the angular stability in oblique
incidence, inkjet-printed conformal metamaterial absorber (MA) is proposed, which can
achievemore than 90% absorptivity from 8.43 to 10.38GHz for wide angular stability up to
45° [15]. A microwave MA using dispersion-engineer is characterized by more than 90%
absorption within 2.11–3.89GHz with the wide angular stability up to 50° [16]. A perfect
absorber with more than 95% absorptivity is exceedingly important device in microwave
region. Multipole absorber based on coupling interlayers is presented to gain more than
95% absorption from 5.5 to 6.5GHz [17]. A conformal MA is designed to realize 95%
absorptivity within 4.2–10.2GHz [18]. The above studies only focus on the performance
of broadband or widely oblique incidence or high absorption. It is a great challenge to
design a perfect absorber with wide-angle stability and broadband operating bandwidth.

In this paper, we present a broadband angle-insensitive perfect absorber by using bilayer
resistive filmswith different surface resistance, two dielectric substrates, and a ground layer.
Bilayer resistive films and dielectric substrates are applied to provide resonance absorption
peak and match air impedance to realize wideband absorption. The proposed absorber is
fabricated by screen printing technology and measured. The proposed MA has the follow-
ing advantages: (1) the design can provide over 98% wide absorption from 4.9 to 22.6GHz
(fractional bandwidth (FBW) of 128.7%) under normal incidence; (2) theMA is insensitive
to oblique incidences within 60°; (3) it is applicable for TE and TM polarization.

Design theory andmethods

Single and bi-layer absorber with RLC series and resistive film

A typical single-layer absorber has a loss layer at a certain distance above the conductive
plate, which equivalent circuit model (ECM) is described in Figure 1(a). Figure 1(b) shows
the first layer of the proposed absorber. A resistive film can be seen as an RLC (R1, L1, C1)
series circuit [19], and YRLC1 is the admittance of the equivalent circuit of square resistance
film. The dielectric with the thickness of tp and t1 can be considered a transmission line
with equal length, respectively. And the ground plane can be treated as conducting wire.
Its reflection coefficient can be calculated by

� = Y0 − Yin

Y0 + Yin
(1)

where

Yin = YRLC1 + Yd (2)

YRLC1 = 1

R1 + j
(
ωL1 − 1

ωC1

) = G1 + jB1 (3)

G1 = ω2R1C2
1

(1 − ω2L1C1)
2 + ω2R2

1C
2
1

(4)

B1 = ωC1 − ω3L1C2
1

(1 − ω2L1C1)
2 + ω2R2

1C
2
1

(5)
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Figure 1. (a) Equivalent circuit model of single-layer absorber. (b) Configuration of the designed
absorber. (c) Susceptance for the RLC series and dielectric. (d) The reflection coefficient obtained from
EM simulation and ECM calculation are compared.

Yd = j
Yp(Yp tan(βptp) − Y01 cot(β1t1))
Yp + Y01 cot(β1t1) tan(βptp)

= jBd (6)

and Y01 = Y0
√

ε1, β1 = 2π
√

ε1/λ, βp = 2π√
εp/λ , ω = 2π f , Y0 is the characteristic

admittance of free space, and ε1, εp are relative permittivity. B1 is the susceptance of RLC
series circuit. G1 is the conductance of RLC series circuit.

The typical input susceptance is shown in Figure 1(c). It is well known that resonance
occurs at the time the input susceptance is zero [20]. In Figure 1(c), there is an obvi-
ous resonance frequency at fr1. Then the absorption resonance can be obtained before
the frequency at fr1. The reflection curves of the designed single-layer absorber obtained
by using ECM and full-wave simulation are illustrated in Figure 1(d), which have a
good agreement. The circuit dimensions are R1 = 144 	, L1 = 0.1 nH, C1 = 0.219 pF,
respectively.

To expand the absorption bandwidth, an ordinary method is introduced by overlay-
ing an extra lossy layer on the original layer to provide another absorption resonance.
The specific circuit and structure of the proposed absorber are shown in Figure 2(a,b).
For two-layer ECM shown in Figure 2(a), input admittance can be calculated as following
formulas.

YRLC,i = 1

Ri + j
(
ωLi − 1

ωCi

) = GRLC,i + jBRLC,i, i = 1, 2 (7)
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Figure 2. (a) Equivalent circuit model of bi-layer absorber. (b) Schematic diagram of the designed
absorber. (c) Calculated imaginary parts with Bin1, BRLC2, Bin and real parts with Gd2, GRLC2, Gin. (d)
Comparison of the reflection coefficient obtained by EM simulation and ECM calculation of two layers.

Yd1 = j
Yp(Yp tan(βptp) − Y01 cot(β1t1))
Yp + Y01 cot(β1t1) tan(βptp)

(8)

Yin1 = Yd1 + YRLC1 = Gin1 + jBin1 (9)

Yd2 = j
Yin1 + jY02 tan(β2t2)
Y02 + jYin tan(β2t2)

(10)

Yd3 = j
Y02 + jYp tan(βptp)
Yp + jY03 tan(βptp)

= Gd3 + jBd3 (11)

Yin = Yin2 = Yd3 + YRLC2 = Gin + jBin (12)

here YRLC1, YRLC2 are the admittance of the equivalent circuit of resistance film on first
layer and second layer; Yp and Y0i, i = 0,1 are the characteristic admittance of PET and
PMI, respectively; Yin1 and Yin2 are the input admittance of the location ➀ and ➁. B and
G represent susceptance and conductance at the corresponding position.

The designed bi-layer absorber consists of two resistance films printed on polyethy-
lene terephthalate (PET) with a relative dielectric constant of 3.0 and a thickness
of tp = 0.175mm and PMI foam with relative dielectric constant 1.06 and thickness
t = 4 mm, which shown in the Figure 2(b). The period of the unit cell is P = 15.2mm.
The radius of the circular resistance film is R = 4.5mm, and the side length of the square
resistance film is a = 14mm. Both the surface resistance Rs1 and Rs2 are equal to 100	/sq.
The values of the lumped elements are: R1 = 144	, L1 = 0.1 nH,C1 = 0.219 pF, R2 = 520
	, L2 = 6.15 nH, C2 = 0.016 pF. The geometrical dimensions of the proposed absorber
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Figure 3. (a) co-polarization and cross-polarization of the reflection coefficient (b) Simulated absorptiv-
ity of the proposed MA and input impedance at normal incidence.

can be calculated and optimized according to the formulas in [21]. The R, C, and L are
related to the structure of the resistance film and the square resistance value.

In this design, the imaginary part of the input admittance at different locations domi-
nates the resonant frequency. As shown in Figure 2(c), the imaginary part Bin1 = 0 offers
a resonant at fr1 and the second resonant at fr2 is obtained from BRLC2 = 0. The third
resonant at fr3 is originated from Bin = 0. For the input admittance (Bin = Bd3+BRLC2),
Bd3 < 0, BRLC2 > 0 before the resonant frequency at fr1, the first absorption resonance
can be obtained at f1; Bd3 < 0, BRLC2 > 0 before the resonant frequency at fr2, the sec-
ond absorption resonance can be obtained at f2; Bd3 > 0, BRLC2 > 0 after the resonant
frequency at fr2, the third resonance can be obtained at f3 when Bd3 cancels BRLC2. The
matching condition at resonant frequency is affected by the real part of the input admit-
tance. Around resonant frequency f2 and f3, Gd3 andGRLC2 play an equal role in improving
the matching between the input admittance and the admittance of free space. Hence, the
bi-layer absorber can offer three absorption resonance to get a wider absorption band-
width. In Figure 2(d), the reflection curves of the designed bi-layer absorber obtained by
using ECM and full-simulator have a good agreement. And it shows three resonances at
f1 = 5.6GHz, f2 = 11GHz, and f3 = 20.2GHz.

For the absorber, the absorption is defined as [22,23]

Ab = 1 − Tr − Rf = 1 − |Stxx|2 − |Stxy|2 − |Srxx|2 − |Srxy|2 (13)

where Ab, Tr, and Rf represent absorptivity, transmission coefficient, and reflection coeffi-
cient, respectively. And the xx and xy denote co-polarization and cross-polarization. The
transmission coefficient is equal to zero due to the presence of a metal plate at the bottom.
Both co-polarization and cross-polarization of the reflection coefficient can be found in
Figure 3(a).

The absorptivity of the designed MA is exhibited in Figure 3(b), which indicates that
more than 98% broadband absorption response can be obtained at normal incidence from
4.9 to 22.6GHz. In Figure 3(b), the normalized input impedance of the proposedMA is cal-
culated for further explanation of the absorbing effect. According to the impedance theory
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Figure 4. The surface current distributions of the proposed MA at (a) 5.6 GHz, (b) 11 GHz, (c) 20.2 GHz,
respectively.

[14], the impedance of the absorber is calculated as

Z =
√

(1 + S11)2 − S221
(1 − S11)2 − S221

(14)

where S11 and S21 represent the reflection amplitude and the absorption amplitude, respec-
tively. In Figure 3, the real part and imaginary part of the normalized impedance are near
to one and zero in the absorption band (S11→0, S21→0), respectively, which demonstrates
that the impedance of the absorber matches well with the impedance in free space.

Analysis of absorptionmechanism

Figure 4 presents the surface current distribution of the designed absorber to further com-
prehend the absorption resonance at f1 = 5.6GHz, f2 = 11GHz and f3 = 20.2GHz. The
reason for the perfect absorbing effect is the coupling between the square resistance film
and the metal sheet at 5.6GHz. As shown in Figure 4(a), the directions of surface cur-
rents are reversed. Obviously, a magnetic dipole excites the magnetic resonance [18]. As
shown in Figure 4(b), the perfect absorbing effect ismainly arisen from coupling the square
resistance film and the round resistance film at 11.0GHz, where a magnetic response dis-
tribution exists between layers represented by the opposite direction of surface currents.
The magnetic field confinement causes Ohmic loss in the current loop to consume energy,
which results in the appearance of the absorption peaks. As shown in Figure 4(c), an elec-
tric resonance exists at 20.2GHz due to the surface current of the square resistance film
and the round resistance film. Therefore, the electric resonance response is stemmed from
the electric current on the square resistance film and the round resistance film layers.

Total thickness

Under normal incidence, there is a physical minimum thickness for a nonmagnetic MA
[24], calculated as:

d ≥

∣∣∣∫λmax
λmin

ln |R(λ)|dλ
∣∣∣

2π2 = dmin (15)
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Figure 5. (a) Absorber sample, (b) experimental device in a microwave chamber.

where R(λ) represents the reflection coefficient as a function of the wavelength λ. Themin-
imum total thickness of the proposed absorber is 7.7mm in this letter calculated by (15),
and the total thickness of the proposed MA is 8.35mm. It proves the proposed absorber
closely approaches the thickness limit.

Experimental verification and discussions

Insensitivity to oblique incidence

In order to demonstrate the absorptivity of the proposed MA, the entity of resistive films
is fabricated on the polyethylene glycol terephthalate (PET) sheet. Different resistance val-
ues can be achieved by using inks with different conductivities. The size of the sample is
304× 304mm including 20× 20 units, as shown in Figure 5(a). The experimental device
is depicted in Figure 5(b), two broadband horn antennas are used as transmitting source
and receiving source within 2–18GHz, respectively.

Figure 6(a–d) shows the simulated and measured results with oblique incident from 0°
to 60°. The absorption reaches more than 90% with bandwidth from 4.3 to 24.5GHz (the
FBW of 140.3%). Noteworthy, the absorption is greater than 98% within 4.9–22.6GHz
under normal incidence. For oblique incidence of TE and TM polarization, the absorption
andworking bandwidth still maintain good performance from 0° to 60°. The results exhibit
polarization-insensitive absorption performance for TE and TM polarization and wide-
angle stability.

RCS analysis

The RCS of the same size absorber compared with PEC plate was evaluated using a
full-wave simulator. Meanwhile, experimental verification is carried out. The schematic
diagram of the test is shown in Figure 7(a), and the experimental setting in anechoic cham-
ber is depicted in Figure 7(b). The transmitting antenna radiates electromagnetic wave, the
receiving antenna receives electromagnetic wave, and the RCS result is calculated through
algorithm of the system. Two broadband horn antennas are used as transmitting sources
and receiving sources in 2–18GHz. The RCS results of the proposed MA between sim-
ulation and measured are given in Figure 7(c). The 10-dB RCS reduction bandwidth at
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Figure 6. Simulated absorptivity results at incident angle (θ ) from0° to 60° for (a) TE polarization and (b)
TM polarization; Measured absorptivity results at incident angle (θ ) from 5° to 60° for (c) TE polarization,
and (d) TM polarization. θ

Figure 7. (a) RCS measure diagrammatic sketch (b) RCS measure device in a microwave chamber. (c)
Simulation and measured results of monostatic RCS of the proposed absorber with frequency for TE-
polarized.

normal incidence is from 4.3 to 18GHz. The difference between the measured results and
simulation ones mainly originates from measurement error.

Table 1 summarizes the absorption characteristics comparison of the proposed absorber
in recent years. The designed absorber in this paper has obvious advantages from the per-
spective of FBW [25], thickness [26], incidence angle [27], and RCS reduction [28]. The
thickness and unit size of the proposed absorber are in good level.
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Table 1. Comparison of the metamaterial absorber with other absorber.

Ref.
Incident
angle (°)

Bandwidth
(GHz)/FBW (%)

Angle
absorption

10 dB RCS
reduction
bandwidth Thickness Unit (mm)

[26] 0 8.2–13.4/51.1% 60° (90%) Not reported 3mm 15.5
30 10.5–11.7/10.8% (0.082λ)

[28] 0 3.75–10/91% 30° (90%) 91% 6.35mm 14
30 6–9.34/43.5% (0.079λ)

[25] 0 6.95–17.4/85.8% 60° (80%) Not reported 7.8mm 10
60 8.1–15/59.7% (0.18λ)

[27] 0 3.87–14.84/117% 40° (80%) Not reported 6.2mm 26
40 4.25–14.84/110.9% (0.19λ)

This work 0 4.3–24.5/140.3% 60° (80%) 140.3% 8.35mm 15.2
50 7.6–24.5/105% (0.119λ)
60 8.8–24.5/94.3%

Conclusion

AMA with efficient absorption in the microwave region was designed and measured. The
MA is broadband and polarization-insensitive by introducing bilayer resistance films and
symmetrical structure, which absorption is greater than 98% within 4.9–22.6GHz (the
FBW is 128.7%) under normal incidence. It can maintain a good absorption performance
from 0° to 60°. Besides, the absorber can reduce the monostatic RCS by more than 10 dB
in the absorption bandwidth. A sample is fabricated and measured to verify absorption
performance, and measurement results have good agreement with the simulation ones.
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