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A low-frequency wideband metamaterial absorber based on a
cave-disk resonator and resistive film∗
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A low-frequency wideband, polarization-insensitive and wide-angle metamaterial absorber (MA) is designed, sim-
ulated and analyzed. This MA consists of a periodic arrangement of a cave-disk resonator (CDR), square resistive film
(RF), and metal ground plane (GP) (a 0.8 mm-thick FR-4 dielectric spacer is sandwiched in between the CDR and RF, and
another 1.2-mm thick FR-4 dielectric spacer is inserted in between the RF and GP). The simulated results based on finite
integration technology (FIT) indicate that the absorption of the MA is greater than 90% and almost perfectly impedance-
matched to the free space in the whole frequency range of 1 GHz–7 GHz. The simulated absorptions under the conditions
of different polarization and incident angles indicate that this composite structure absorber is polarization-insensitive and
wide-angled. Furthermore, the distribution of the power loss density indicates that the wideband absorptivity is mainly from
the composite electromagnetic loss of the CDR and RF. This design provides an effective and feasible way to construct a
low-frequency wideband absorber.
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1. Introduction
Electromagnetic (EM) metamaterials (MMs) are arti-

ficially structured materials that may exhibit many exotic
properties that are not present in natural materials, such as
negative refractivity,[1,2] a reversed Doppler shift,[3] reversed
Cherenkov radiation,[4] and superlenses,[5] cloaks,[6] and per-
fect absorption.[7,8] Essentially, MM is an artificially struc-
tured material which attains its properties from the unit struc-
ture (its scale is much smaller than the wavelength of interest)
rather than the constituent material. That is to say, MM is
also a concept of material design. In the past decade, the re-
search field of MMs in science and technology has covered a
vast range, including the structure and EM properties. Much
attention has been paid to the design and application of MMs,
due to their designable and controllable material parameters,
such as effective permittivity (εeff), and permeability (µeff).
Thus, MMs are believed to hold great promise for future ap-
plications.

Since Engheta[9] first proposed the theoretic view of using
metamaterial to achieve a perfect absorption for EM waves,
and Landy et al.[7] first conducted microwave experiments to
demonstrate this, research on absorption in EM waves has be-
come an important aspect in the research of MMs. The perfect
absorption of MM is mainly due to the local EM resonance
mechanism, that is to say, from the resonance between dielec-
tric loss and impedance matching. Based on this resonance
mechanism, from the microwave region to the visible light re-
gion, various metamaterial absorbers (MAs), each consisting

of two or more layers coupling sandwiched resonance struc-
tures, have been proposed and investigated widely.[6,7,9–14]

However, the strong absorption bandwidth is very narrow,
which may impede its application in practice.

Recently, based on the concept of MM resonance ab-
sorption, several attempts to achieve broadband strong ab-
sorption have been made, especially in a gigahertz frequency
region.[15–24] Besides its polarization and incidence angle de-
pendence, the bandwidth of MA is an important aspect that
may affect many applications. In particular, the low-frequency
bandwidth is difficult to extend without increasing the sub-
strate thickness significantly. Gu S et al.[16] and Gu C et al.[17]

proposed electric resonator structure MA loaded lumped ele-
ments. The equivalent circuit model was also used to introduce
the working principles of the narrowband and the wideband
absorbing structure loaded high impedance surfaces by Filippo
et al.[18] and Pang et al.[19] Sun et al.[20] proposed a compos-
ite structure MA based on an electric resonator structure and
resistive patches, which exhibits a stronger low-frequency ab-
sorption. In the present paper, the concept of MM was also
employed to design, simulate, and analyze a low-frequency
wideband MA without increasing the total thickness signifi-
cantly. Theoretical and simulated results show that this com-
posite structure MA has a polarization-insensitive and wide-
angle absorption from 1 GHz to 7 GHz. This design pro-
vides an effective way to construct low-frequency wideband
absorbers with high performance in stealth technology, and
also theoretic support for the ongoing experiment.
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2. Design and simulation
For the MA, the expression of the absorption is A(ω) =

1− T (ω)−R(ω)=1− |S21|2− |S11|2, where A(ω), S11, and
S21 are the absorption, reflection coefficient, and transmission
coefficient each as a function of frequency ω . In the case with-
out transmission and reflection, ideally it will result in total
absorption. For our proposed MA, there is no transmission to
be observed since the ground plane (GP) thickness is greater
than the skin depth of copper in this frequency range. Only
the reflection needs to be examined. Thus, the absorption is
calculated by the equation A(ω)=1−|S11|2.
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Fig. 1. (color online) Schematic diagram of the MA unit cell: (a) cave-
disk structure electric resonator, (b) square resistive film, (c) side view
of the unit cell of the MA, (d) three-dimensional array model.

Our previous investigations indicated that the MA only
consists of a dielectric substrate sandwiched with an elec-
tric resonator structure and metal GP, which is mainly
due to the local EM resonance and impedance matched
characteristics,[8,11,15] and so it is difficult to achieve broad-
band strong absorption. Even the bandwidth of the absorption
can be improved by using a multi-electric resonator structure
in a co-planar.[15] The bandwidth improvement is limited. The
MA based on a resistive film (RF) could achieve broadband
absorption, however, it is difficult to obtain a high absorb-
ing performance in a low-frequency range.[18,19] To achieve a
stronger absorption in a low-frequency wideband, a composite
structure MA model is designed, as shown in Fig. 1. The MA
unit cell consists of a cave-disk resonator (CDR), an RF, an
FR-4 dielectric spacer, and a GP from top to down, as shown
in Fig. 1(c). We select FR-4 (loss) with the relative dielec-
tric constant εr = 4.9 and the loss tanδ=0.025 as the dielectric
spacer. The CDR structure and continuous metal GP are se-
lected to be copper, whose conductivity is σ = 5.8×107 S/m
and thickness is tm = 0.035 mm. The thickness and sur-
face resistance of the square resistive films are 0.15 mm and
125 kΩ/sq, respectively. The optimal parameters for the unit

cell structure are as follows (in millimeters): p = 20, w = 1,
r = 5, g = 2.5, l = 19, t1 = 0.8, and t2 = 1.2. Based on the de-
sign of the unit cell of the composite structure MA, to demon-
strate the microwave absorption, a full wave EM simulation
is performed based on the finite integration technology (FIT)
with CST Microwave Studio software. In the simulation, the
electromagnetic wave 𝑘 is incident on the z axis, with the mag-
netic field 𝐻 being parallel to the y axis and the electric field
𝐸 being parallel to the x axis, and the periodic boundary con-
ditions are used in the x and y directions in order to obtain
periodicity in the transverse plane. Rapid convergence to a
nearly optimal design could be achieved readily.

3. Results and discussion
The simulated reflection and absorption properties of MA

are shown in Fig. 2(a). As shown in Fig. 2(a), in a frequency
range from 1 GHz to 7 GHz, the reflection is lower than 10%,
and the corresponding absorption exceeds 90%. To better un-
derstand the principle of the high absorption, the relative wave
impedance (z̃(ω)) for the normal incidence is retrieved from
the simulated S parameters[12], as shown in Fig. 2(b). The real
part of relative impedance is nearly unity (Re(z)≈ 1) and con-
sistent with what we want to match, the impedance of the free
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Fig. 2. (color online) Simulated results of (a) reflection and absorption,
and (b) the corresponding relative impedance.
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space from 1 GHz to 7 GHz, and the imaginary part is min-
imized (Im(z) ≈ 0), which means that the reflection is nearly
zero. These results indicate that the impedance of our MA can
be tuned to approximately match the impedance of the free
space in a wideband absorption frequency range.

In the above discussion, the absorption was obtained un-
der normal incidence. In practical use, EM waves are usually
incident onto absorbers with a different polarization angle or
oblique incidence angle, so it is necessary to examine the ab-
sorption under different polarization angles and oblique inci-
dence angles. As shown in Fig. 3, we analyze the influence
of the incident condition on the absorption property of MA.
From Figs. 3(a) and 3(b), owing to the high symmetry of the
unit cell, the absorptions under different polarization angles
are unchanged for the transverse electric (TE) and transverse

magnetic (TM) waves. Figures 3(c) and 3(d) show the simu-
lated absorptions of our MA at various angles of oblique in-
cidence for the TE and TM configurations. For the TE wave
oblique incidence, the absorption is nearly unchanged below
60◦ in a frequency range from 1 GHz to 7 GHz. However,
beyond 60◦, there is a sudden decrease in the absorptivity,
as the y component of the incident magnetic field decreases
rapidly to zero and can no longer efficiently excite this mag-
netic polariton.[13,15] For the case of the TM wave, the ab-
sorption will be nearly unchanged with the increase in inci-
dence angle in a wideband frequency range, due to the fact that
the composite structure can be effectively excited by the mag-
netic field. These results indicate that the MA is polarization-
insensitive and wide-angled.
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Fig. 3. Simulated absorptions with different polarization angles under normal incidence: (a) TE; (b) TM. Simulated absorptions at
different angles of incidence: (c) TE; (d) TM.

To further better understand the wideband absorbing
properties of the designed composite MA, we should study the
absorptions of the CDR absorber and RF absorber, as shown
in the insets of Fig. 4, respectively. From Fig. 4, the CDR ab-
sorber consists only of a CDR and GP separated by the FR-4
dielectric substrate with a thickness of 1 mm, and the other
parameters are kept the same as those of the above compos-
ite MA. It can be observed that there are two absorption peak
values of 96.5% and 99.7% at 3.1 GHz and 7.45 GHz, respec-
tively. To better understand the physics behind it, in Figs. 5(a)–
5(c) the distributions of the power loss densities at different
frequencies of the MA are examined. As shown in Fig. 5(a),
the strong power loss of the lower frequency (3.1 GHz) mainly

concentrates on the up and down sides of the outer ring of
CDR, and the maximum value is up to 4.85×106 (W/m3).
Similarly, the power loss of the higher frequency (7.45 GHz)
mainly concentrates on the up and down sides of the inner disk
of CDR and the maximum value is up to 1.28×107 (W/m3),
as shown in Fig. 5(b). The power loss in the other off-resonant
area is very weak. The perfect absorptions of both the lower
and higher frequency resonance are caused primarily by the
excitation of the electric dipole resonance and the strong mag-
netic coupling, simultaneously.[15] On the other hand, at off-
resonant frequency (e.g. 7 GHz), the absorption is very small,
and the corresponding maximum power loss value is only
55763 (W/m3) (see Fig. 5(c)), which is much less than the
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maximum value at resonant frequency.
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Fig. 4. (color online) Simulated absorptions of the CDR (solid square
line) and RF (solid triangle line) absorbers.

Taking a further step, we study the RF absorber, which
consists only of a square RF sandwiched with an FR-4 di-
electric substrate of 2 mm in thickness and a GP (see the in-
set of Fig. 4). The structural parameters are kept the same
as those mentioned above, and the simulated absorption is

shown in Fig. 4. It is clear that the overall absorption spec-
trum is almost flat and the absorption is below 50%, which
is mainly due to surface resistive loss and strong magnetic
coupling.[15,18] That is to say, the low absorption of overall fre-
quency is mainly caused by the weaker electric resonance and
stronger magnetic resonance simultaneously, resulting in rel-
ative wave impedance mismatching to the free space.[10,12,18]

To obtain an insight into the physical picture of the intrigu-
ing absorbing features of the RF absorber, the power loss den-
sity distributions at different frequencies are also calculated,
and the results are shown in Figs. 5(d)–5(f). It can be ob-
served that there are similar power loss density distributions
at different frequencies of 2, 4, and 6 GHz, and the power
losses all concentrate on the up and down edges of the square
RF. The corresponding maximum values of power loss are
1.29×105 (W/m3), 96523 (W/m3), and 1.31×105 (W/m3),
which are much less than the maximum values of the reso-
nant frequency of the CDR absorber. These results are very
consistent with the corresponding absorptions of the CDR and
RF absorbers.
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Fig. 5. (color online) Distributions of the power loss density of the CDR and RF absorbers at different frequency points: (a) 3.1 GHz,
(b) 7.45 GHz, and (c) 7 GHz for the CDR absorber; and (d) 2 GHz, (e) 4 GHz, and (f) 6 GHz for the RF absorber.

From the above studies, we can conclude that it is diffi-
cult for the MA based on CDR or RF to achieve low-frequency
and wideband high absorptance. However, there are some ad-
vantages for either CDR or RF, e.g. the CDR absorber could
achieve stronger narrowband absorption, and the RF absorber
could possess wideband properties. Thus, this inspired us
to construct a low-frequency wideband high-performance ab-
sorber based on CDR and RF assembly without significantly
increasing the thickness. Due to this inspiration, we designed
a composite structure MA, which is shown in the inset of
Fig. 6(a). It is also interesting to explore the power loss in
the MA since it can provide information about how and where

the absorption happens. Figure 6(a) shows absorptions un-
der two different loss conditions. When an FR-4 substrate is
lossy, the absorption exceeds 90% in a frequency range from
1 GHz to 7 GHz and the absorption relative bandwidth of the
central frequency is up to 150%. When the FR-4 substrate
is loss-free, the absorption in a frequency range from 1 GHz
to 7 GHz is almost the same as that under lossy conditions.
These results indicate that the wideband high absorption is
mainly due to a resistive film and cave-disk resonator. To fur-
ther illuminate the absorbing features of this composite MA,
the distributions of the power loss density at different frequen-
cies are also calculated. Here, to make a clearer illustration
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of the point, we only choose two typical frequencies (a lower
frequency of 1.2 GHz and higher frequency of 6.1 GHz) to
simulate the distributions of the power loss density. As shown
in Fig. 6(b), it can be clearly seen that the strong power loss of
the lower frequency (1.2 GHz) mainly focuses on the up and
down part of the surface of MA, and the maximum value is up
to 7.11×105 (W/m3). The area of the power loss distributions
is much larger than the corresponding areas of the CDR and

RF absorbers (see Figs. 5(a) and 5(d)). Similarly, for higher

frequency (6.1 GHz), in Fig. 6(c), the strong power loss mainly

focuses in the middle of the up and down parts of the surface

of MA, and the maximum value is up to 9.25×105 (W/m3).

The power loss distribution area is much larger than the cor-

responding areas of the CDR and RF absorbers (see Figs. 5(b)

and 5(e)) as well.
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Fig. 6. (color online) (a) Absorptions of composite structure MA under two different loss conditions, and the power loss density
distributions of the designed composite structure MA at different frequencies of (b) 1.2 GHz and (c) 6.1 GHz.

From the above physical pictures of the intriguing absorb-
ing features, we can conjecture that the low-frequency high
absorbing property is caused mainly by the strong electric res-
onance and stronger magnetic resonance, simultaneously, re-
sulting in the impedance matching to the free space in a wide-
band frequency range.[10,12,18–20] On the other hand, the influ-
ence of the RF on the wideband high absorption of the com-
posite MA is also very important.[18–20]

4. Conclusion
In the present study, we propose a thin, low-frequency,

wideband, polarization-insensitive and wide-angle metamate-
rial absorber according to CDR and RF. This absorber is not
limited to the minimum thickness of a quarter wavelength, and
it is very thin: the whole thickness is only 2 mm (about 1/32
of the center operation wavelength). The simulation results
show that the absorber has a low-frequency wideband strong
absorption for the incident wave in a frequency range from 1
to 7 GHz. The simulation absorptions under different polar-
ization angles and oblique incidence angles indicate that the
MA is polarization-insensitive and wide-angled. Further sim-
ulation absorptions and power loss density distributions of dif-
ferent types of MAs indicate that the stronger low-frequency
wideband absorption of the composite structure MA is mainly
due to the composite electromagnetic losses of CDR and RF.
This MA is fabricated easily in experiments. The CDR layer
can be fabricated by conventional PCB technology or standard
optical lithography processes. The RF layers are usually fabri-
cated by silk-screen printing of resistive slurries into a pattern
on a dielectric substrate backed by a grounded plane. This
design provides the theoretic support for the ongoing experi-
ment.
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