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Abstract. Narrow absorption bandwidth has been a fundamental drawback hindering many metamaterial
absorbers for practical applications. In this paper, by loading lumped resistors, we have successfully designed a
microwave metamaterial absorber with multioctave wide absorption bandwidth covering the entire X- and Ku-
bands, while keeping the thickness of the absorber less than 1/10 of the working wavelength. The polarization-
insensitive absorber shows a good angular stability for both transverse electric (TE) and transverse magnetic
(TM) incidences. Prototype has been fabricated andmeasured to validate the design principle and the simulated
results, and good agreements are observed between simulated andmeasured results. The proposed metamaterial
absorber offers an efficient way to realize broadband microwave absorption with stable angular performance,
which may find potential uses in many applications, for example, electromagnetic compatibility.
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1 Introduction

Theelectromagnetic (EM)waveabsorbers,whichareviewed
as EM blackbodies that can efficiently inhibit reflection
and transmission of EM radiation, have attracted much
attention due to their practical uses in many real-world
applications such as electromagnetic compatibility (EMC),
stealth technique, etc. [1]. Recently, metamaterials com-
posed of artificially engineered subwavelength inclusions
have shown great abilities in designing diverse absorber
designs, due to their designable features of EM properties
that are not available in natural occurring materials [2,3].
Therefore, unremitting efforts have been made to enhance
the absorption performances with factors such as polariza-
tion-insensitive [4], switchable or active control [5,6],
ultrathin thickness [7], and wide incident angle [8] across
the whole spectrum ranging from microwave to optics.
However, narrow working bandwidth still lays remarkable
limitation, thus hindering their further applications.

In order to achieve excellent absorption and broad
working bandwidth simultaneously, several methods, in-
cluding employing tapered or multilayered structures [9,10]
and multiresonant structures [11,12], have been imple-
mented. Despite the improvement of the absorption
bandwidth, some problems have been introduced by these
methods, e.g., increase of total thickness and difficulty in
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assembly, as well as possibility of resulting discrete
absorption bands. Designing absorbing structures with
suitable lossy components have also been demonstrated as
an efficient way to realize broad operation band. One of the
most well-known structures is the Salisbury screen absorber
[13], with a thin homogeneous resistive sheet suspended
above a ground plane by a distance of a quarter of a
wavelength. By replacing the ground plane with judiciously
designedmetasurface, the bandwidth of the Salisbury screen
can further be significantly improved due to the excitation of
multiple metasurface Salisbury screen resonances [14,15].
Besides, loadingwithother typesof lossycomponents suchas
magnetic medium [16,17], resistive sheets [18,19], lumped
elements [20–23], and lossy liquid water [24,25] can be good
candidates for potentially broadening the absorption
bandwidth, but most of them are limited by the angular
stability, which may further hinder their practical uses.

In this paper, we design a planar polarization-insensi-
tive, angular stable, and thin–thickness microwave meta-
material absorber loaded with lumped chip resistors, which
are capable of absorbing EM energy over a multi-octave
broad frequency band covering the entire X-band
(8–12GHz) and Ku-band (12–18GHz). The proposed
metamaterial absorber has a comparable thin-thickness
less than 0.067l (with respect to the lowest frequency of
working band). Especially, by loading a set of metallic via
holes, the magnetic resonances of the structure have been
enhanced throughout the working band, resulting in a good
angular stability for incident angle up to about±60° for
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Fig. 1. (a) Schematic of the proposed metamaterial absorber,
which can efficiently absorb the incident wave in a broad
frequency band. (b) Details of the unit cell configuration. Four
metallic via holes are embedded into the dielectric substrate and
connected to the metallic circular patches that are isolated from
the ground with a gap width of 0.1mm. The via hole has a radius
of 0.15mm, while the patch has a radius of 0.4mm. Four
semicircular corners are cut from the metallic ring structure on
the top layer.
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both transverse electric (TE) and transverse magnetic
(TM) waves. Finally, experiments have been carried out to
validate the design principle and the simulated results, and
good agreements are observed between simulated and
measured results.
2 Design considerations and simulation

To realize efficient wave absorption, the metamaterial
structures are often designed to resonate at certain
frequencies, and when these structures are shined by the
incidence, field enhancement occurs in structures, which
then leads to energy dissipations caused by the lossy
components, for example, lossy dielectric substrates.
Although the dielectric loss can result in a perfect
absorption [26], it is often limited to relatively narrow
bandwidth due to the sharp structural resonance. There-
fore, we usually increase the lossy component to reduce the
Q-value of the resonances by using, for example, resistive
film, resistor, etc., and to broaden the absorption
bandwidth. Figure 1a shows the schematic of the proposed
metamaterial absorber. When a plane wave propagating
along the z-direction, either with x- or y-polarization,
incidents on the metamaterial absorber, the wave energy
will be efficiently dissipated by the proposed absorber in a
broad frequency band. Figure 1b shows the details of the
unit cell configuration. The unit cell consists of three layers,
where the lossy dielectric spacer is sandwiched between
patterned topmetallic layer and bottom ground plane. The
dielectric substrate has a thickness of 2.5mm, with relative
permittivity of 4.4 and loss tangent of about 0.025. The
metallic material used herein is the copper with conduc-
tivity of 5.8� 107 S/m and a thickness of 0.018mm. The
employed top layer is shaped in a circular ring with four
split gaps in two orthogonal directions cut away and
replaced by four chip resistors. These resistors could ensure
an efficient energy dissipation when the surface current,
induced by the incident illumination, flows around the
patterned structures. Four metallic via holes are perforated
in the structure to enhance the magnetic resonances.When
the structure is exposed to an incident wave with magnetic
field travels across via holes, comparable anti-parallel
currents can be induced and flow along the neighboring
metallic via holes, which in turn enhance the energy
absorption. Due to the rotational symmetry and mirror
symmetry in the metamaterial structure, the proposed
absorber presents polarization-insensitive property to the
incident EM wave.

The broadband absorption performance of the meta-
material absorber is first evaluated by the full-wave
simulation using commercial software. Since the absorber
is composed of periodically arranged elements, we can only
investigate the performance of the constituent element
instead of calculating overall performance of the whole
metamaterial. In the full wave simulation setup, we apply
perfect electric conductor (PEC) boundary condition along
one direction, while perfect magnetic conductor (PMC)
boundary condition along the orthogonal direction. These
boundary conditions are used to mimic the periodic
arrangements. In addition, free space boundary conditions
are applied along the z-direction. It should be noted that
these boundary conditions actually form a waveguide
terminated by the ground plane of the structure, and we
can calculate the absorption performance from the S-
parameters. Since there are four circular slots existing on
the ground plane, we should include the transmission
coefficient in the absorption calculation. Therefore, this
calculation can be written as A(f)= 1�T(f)�R(f), where
A(f), T(f), and R(f) are the frequency-dependent absorp-
tion, transmission, and reflection, respectively. The final
optimized geometrical parameters of the proposed meta-
material absorber are t=2.5mm, p=5.6mm, r1= 1.3mm,
r2= 2.5mm, with the chip resistor set as 110 V.

The full-wave simulated results are shown in Figure 2a,
where the absorption bandwidth defined by reflection
coefficient lower than �10 dB ranges from about 7.95 to
18.5GHz. The transmission of the proposal uniformly
keeps lower than �35 dB across the entire working band,
which means that negligible EM wave energy can pass
through the unit cell structure, indicating that we could
derive the absorption only by taking consideration of the
reflection wave. The frequency-dependent absorption,
transmission, and reflection curves under normal illumina-
tion of the incidence are shown in Figure 2b. The
transmitted EM wave energy is always less than 0.001,
indicating that less than 0.1% of the total incident power
can penetrate through the metamaterial absorber. At the
same time, the absorption band can cover the entire X- and
Ku-bands, as indicated by the dotted line. As a compari-
son, the absorber without via holes loading only has a single
absorption peak in low frequencies, while the absorption
rate rapidly decreases as the frequency increases, leading to
a much narrowed absorption bandwidth. Clearly, we can
realize efficient absorption for both two incident wave
polarizations (x- and y-polarization) in a very broadband
frequency band within a subwavelength thickness.

We then perform parametric analyses by varying the
parameters of the proposed metamaterial absorber to
investigate their effects on the absorption performance.



Fig. 3. Parameter study of the proposed metamaterial absorber. The frequency-dependent absorption performance of the absorber as
a function of (a) the numerical value of the chip resistors, (b) the dielectric substrate thickness t, (c) the outer radius r2 of the split
circular ring on the top layer, and (d) the inner radius r1 of the split circular ring on the top layer.

Fig. 2. (a) Simulated reflection and transmission coefficient of the proposed metamaterial absorber. (b) Simulated frequency-
dependent absorption, transmission, and reflection of the metamaterial absorber. Dotted curve shows the absorption of the absorber
without via holes.
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Four main parameters are studied herein: the radius r1 and
r2 of the metallic ring pattern on the top layer, the
thickness t of the dielectric substrate, and the numerical
value of the chip resistors. We vary only one parameter in
the parametric study and keep other parameters un-
changed as the optimized values. The simulated absorption
performance of the proposed absorber as a function of the
resistance is shown in Figure 3a. When the resistance is
increased to 220 V, the two absorption peaks are merged
together, resulting in a reduced bandwidth. On the
contrary, when the resistance is reduced to 60 V, more
efficient absorption can be observed at two resonant
frequencies, but the continuously broad absorption band is
divided into two discrete bands, with the middle band
rapidly reduced to a level of about 70% absorption. It
concludes that the embedded resistance values should be
properly chosen to obtain efficient wave absorption, and
the resistance has a small influence on the resonant
frequency when the values are around 110 V. As depicted
by the black curve, when the metamaterial absorber is



Fig. 4. Surface current distributions on the metallic via holes under the illumination of a y-polarized EM wave at the frequency of
(a) 10GHz, (b) 14GHz, and (c) 18GHz.
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designed without any chip resistor loaded to connect
the splits of the rings, the absorption is very weak across
8–18 GH. Therefore, we can conjecture that the major
contribution to the wideband absorption is attributed to
the energy consumed by chip resistors.

Figure 3b shows the absorption rate as a function of the
substrate thickness. It can be observed that the thickness
has a great influence on the absorption band. The
absorption band moves to lower frequency region with
the increase of the substrate thickness, while the absorption
efficiency can be roughly kept immune from the shift of
the working band. Actually, the relative bandwidth and
the relative thickness, with respect to the working band,
are kept nearly unchanged during this parametric change.
One may envision that, by suitably designing other
parameters, the working frequencies can be freely design-
able and a scalable design of this absorbing structure could
be fully realized. Figure 3c shows the parameter scanning of
the outer radius of the circular pattern on the first layer. As
the parameter r2 increases, the first resonant peak shifts
toward lower frequency region, resulting in a broadened
bandwidth but accompanied with reduced absorption
efficiency, especially in low-frequency region. However, the
varying parameter influences the absorption efficiency
around the second resonant peak, which does not have
much influence on the resonant frequency. Besides, one can
do a trade-off between bandwidth consideration and
absorption efficiency by flexibly altering this parameter.
Finally, we also execute the influence of the inner radius of
the circular pattern on the overall performance, as shown in
Figure 3d. This parametric change only has little change
on the absorption performance of the proposed metama-
terial absorber.

As we mentioned earlier, the metallic via holes are used
to enhance the magnetic resonances and therefore to
improve the absorption performance in a broadband. Here,
we also investigate the current distributions on the via
holes to give an insightful view of how these via holes couple
with the incidence. Figure 4 shows the broadband behavior
of the surface currents flowing on the metallic via holes
under the normal wave excitation. Clearly, antiparallel
currents can be observed between neighboring via holes
across the entire working bandwidth, indicating magnetic
resonances occur. At low frequencies of 10–14GHz, strong
surface currents exist on the inner sides of two neighboring
via holes within a unit cell, while at a high frequency of
18GHz, the strong currents tend to appear on other sides of
the via holes. The via holes can also benefit the
miniaturization of the unit cell, which could further offer
stable angular performances. Four circular patches are
used on the bottom structure for enabling the metallic via
holes to be physically isolated from the metallic ground
plane, avoiding direct current flow between these two
components. Similarly, the via holes are also physically
isolated from the top metallic patterns.

The working mechanism of the proposed structure can
be qualitatively analyzed by the transmission line theory
[19]. The equivalent circuit model of the top layer can be
viewed as a serial RLC resonant circuit, which will show a
capacitive response at low frequencies while gradually
changing to inductive response as the frequency increases,
due to the foster theorem [27]. On the other hand, the
grounded dielectric substrate can be viewed as a fraction of
transmission line, with the propagation length about one-
fourth of a wavelength compared to the center working
frequency [28]. Such a transmission line will show inductive
response in low-frequency band, while capacitive response
in higher frequency band. This property is actually
opposite to that of the RLC resonance of the first metallic
pattern layer. These two opposite responses arisen from the
shorten dielectric substrate and the structure on the top
layer, when carefully designed, can result in two absorption
resonances with one in low frequency and the other in high
frequency [19]. In addition, if the resistive components on
the first layer are elaborately optimized, the input
impedance of structure can be adjusted nearly equal to
that of free space, further resulting in a continuous
wideband absorption.

Angular stability or angular performance is a very
important criterion to evaluate the metamaterial absorber.
The above discussions are only related to the case of normal
incident wave. Here, we have also investigated the
absorption performance of the proposal for different
incident angles. The full-wave simulated results for oblique
incidence are shown in Figure 5. Both TM and TE modes
are considered. The TM wave is defined as the magnetic
field perpendicular to the incident plane while the electric
field is parallel to it, and the TE wave is defined as the
electric field perpendicular to the incident plane while the
magnetic field is parallel to it. In the simulation, unit cell
boundary condition is applied to the unit cell of the
proposal both in x- and y-directions. Figure 5a depicts
the angular-dependent absorption for TM incidence. As the
incident angle increases, the absorption efficiency has
gradually increased but the bandwidth reduces. For TM
case, the magnetic field always travels across the loops



Fig. 5. Simulated angular performance of the proposed metamaterial absorber under the illumination of (a) TM- (b) TE-polarized
incidence.

Fig. 6. (a) Photograph of the fabricated metamaterial absorber. The inset shows the enlarged view of a single unit cell. (b) Schematic
for the experimental setup for reflection measurement. (c) Measured angular performance of absorber under the illumination of
TM-polarized incidence. (d) Measured angular performance of absorber under the illumination of TM-polarized incidence.
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composed by the via holes, leading to an enhanced
magnetic resonance nearly immune from the incident
angle changing. For incident angle up to about 60°, the
proposed absorber can still have an absorption bandwidth
defined by 0.9, ranging from 9.3 to 17GHz. Figure 5b
depicts the angular-dependent absorption for TE inci-
dence. Clearly, the absorption performance is well
preserved for incident angle up to about 45°, while it is
rapidly reduced as the incident angle further increases to
60°. This is due to fact that the resonant structure has a
comparable dependence on the magnetic coupling with the
incident wave. Under the illumination of TE-polarized
wave, the component of magnetic field travelling across
the metamaterial absorber becomes less, especially at
large incident angles. The differences between TE- and
TM-polarized cases are mainly attributed to the structural
dispersion within finite element size, as well as the intrinsic
wave impedance different for two polarized incidences [15].
The above results verify that the proposed metamaterial
absorber has a relatively good angular performance,
especially for TM-polarized incidence.
3 Experimental verification

To verify the design principle and the simulated results, we
have fabricated a prototype of the proposed metamaterial
absorber through standard printed circuit board (PCB)
technique. The fabricated sample has dimensions of
224�224mm containing 1600 unit cells, and chip resistors



Table 1. Comparison with other works.

Absorber Bandwidth (relative) Thickness Polarization

Ref. [9] 0.8–1.28 THz (46.2%) 0.069l Single
Ref. [20] 7.7–21.7GHz (95.2%) 0.175l Single
Ref. [22] 1–2.05GHz (68.9%) 0.13l Both
This work 7.95–18.5GHz (79.8%) 0.066l Both
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are then soldered onto the sample, as shown in Figure 6a.
The experimental measurements are carried out in a
standard microwave chamber, with experimental setup
illustrated in Figure 6b. Two broadband linear-polarized
horn antennas are used as the emitter and the receiver,
which are then connected to the two ports of a vector
network analyzer, respectively. The horn antenna can be
reconfigurable to x- or y-polarization by its self-rotation
with angles of 0° and 90°. The antennas can be freely moved
to different angles along a circular trajectory to mimic the
oblique incident cases. The antennas are placed away from
the fabricated sample with enough distance to satisfy the
far-field condition, thus mimicking the plane wave
illumination. Absorbing materials are used in the chamber
to get rid of unwanted EM waves bounced from the ground
or surroundings. The measured results for TM- and
TE-polarized incidence are shown in Figures 6c and 6d,
respectively. Good absorption performances covering the
entire frequency band from 8 to 18GHz are observed for
both polarizations at normal incident case. The results of
TM cases have a good angular stability, where the
absorption performances are not influenced much for the
incident angle up to about 60°, complying well with
the simulated results. The angular absorption performance
for TE incidences, however, seems to be less efficient at
u=60°, simultaneously with a decrease of absorption
bandwidth, which is more obvious than that of simulated
results. Considering the imperfects in fabrication and the
resistor assembly, the measured results are in rough
agreement with simulated results. The measured results
have demonstrated the efficient broadband absorption by
the proposed metamaterial absorber for TM- and
TE-polarized incidence with different incident angles.
With proper optimization, it may achieve even broader
microwave absorption by introducing, for example,
metasurface ground plane to excite multiple resonances
in a continuous working band [14,15].

The proposed broadband metamaterial absorber is
compared with some representative previous absorbers in
terms of bandwidth, thickness, and polarization sensitivi-
ty. The relative bandwidth (�10 dB, or 90% absorption) of
an absorber is defined with respect to its center working
frequency, while the relative thickness is defined as the
ratio of total thickness to the lowest working wavelength.
As shown in Table 1, the proposed metamaterial absorber
has a relative bandwidth approaching to 80% within a
total thickness of 0.066l, working for both x- and
y-polarizations. Besides, the proposed absorber can provide
a robust angular performance for large incident angle.
4 Conclusion

In conclusion, a high-performance thin-thickness, polar-
ization-insensitive, and broadband microwave metama-
terial absorber loaded with lumped elements has been
designed, simulated, and experimentally verified. The
working band of the proposed metamaterial absorber
can cover the whole X- and Ku-bands, with relatively
stable angular performance for incident angle up to
about 60°. The design principle of the proposed
metamaterial absorber is dependent on the loading of
lossy materials, which can be potentially extended to
other frequency band or even scaled at much high
frequencies such as millimeter wave band and terahertz.
In addition, our proposal may find potential uses in
military applications such as electromagnetic compati-
bility, target cloaking, etc.
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