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Abstract—A low radar cross section (RCS) metamaterial absorber
(MMA) with an enhanced bandwidth is presented both numerically
and experimentally. The MMA is realized by assembling three
simple square loops in a three-layer structure according to the idea
of separating electric and magnetic resonances. Different from one-
layer MMA, the proposed MMA can effectively couple with the electric
and magnetic components of the incident wave in different positions
for fixed frequency, while, for different frequencies, it can trap the
input power into different dielectric layers and absorb it in the lossy
substrate. Experimental results indicate that the MMA exhibits a
bandwidth of absorbance above 90% which is 4.25 times as that of
one-layer MMA, and 10 dB RCS reduction is achieved over the range
of 4.77–5.06 GHz. Moreover, the cell dimensions and total thickness
of the MMA are only 0.17λ and 0.015λ, respectively. The low RCS
properties of the MMA are insensitive to both polarization and incident
angles.

1. INTRODUCTION

The design of resonant metamaterial absorber (MMA) with near unity
absorption has attracted intense attention since Landy et al. [1] firstly
demonstrated a perfect MMA composed solely of metallic elements
and lossy dielectric spacer. The design idea of this MMA is to
adjust the effective ε(ω) and µ(ω) independently by varying the
dimensions of electric resonant component and magnetic resonant
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component in the unit cell so as to match the effective impedance
of MMA to free space and achieve a large resonant dissipation
in the meantime. Thus, wave transmission and reflection are
minimized simultaneously, and absorption is maximized. Compared
with conventional absorbers [2–4], this kind of MMAs exhibits some
unprecedented advantages including the ultra-thin thickness, lossless
surface, simple as well as light configuration and easily-extendable
absorbing frequencies [5–10]. Such advantages of MMAs render
them potential candidates for bolometers, stealth and detection of
explosives. However, one of the major obstacles for the practical
applications of MMAs lies in the narrow bandwidth strongly dependent
on electromagnetic (EM) resonances [11–14]. Quite recently, many
efforts have been made on MMAs to achieve wide-angle as well as
polarization-insensitive absorption [15–22], multi-band absorption [23–
29] and tunable absorption [30–32]. But there are few literatures on the
research of increasing the bandwidth. Multi-cells of different dimension
elements with appropriate geometrical parameters patterned in a co-
planar are presented in [33–35] to extend the bandwidth. Nevertheless,
the strong EM couplings between cells with different parameters
usually lower the absorption. Another method to enhance the
bandwidth is discussed in [36, 37] where MMAs at THz and GHz are
simulated by stacking several metallic layers with different dimensions.
[38] combines the afore-mentioned methods to extend the bandwidth at
microwave frequencies. However, the cell dimensions of the proposed
MMAs in [33–39] are often very large, specifically, they are larger than
λ/4. In [40, 41], the bandwidth is also improved through some special
designs. But it is hard to enhance the bandwidth further.

Moreover, the most promising application of MMAs is EM stealth.
To the best of the authors’ knowledge, the absorbing properties rather
than the radar cross section (RCS) reduction performance of MMAs
have been widely analyzed in most research. The study of RCS
reduction characteristic of MMAs remains comparatively less [42].
And the relationship between RCS reduction and absorbing properties
has not been discussed. Besides, most of the present literatures
are aimed at extending the full width at half maximum (FWHM)
bandwidth. In this work, a conclusion that MMAs should demonstrate
absorption above 90% to meet the demands of EM stealth is conducted
through the investigation of RCS and absorption. Then the bandwidth
of absorption above 90% is effectively extended by stacking three
simple square loops according to the idea of separation of electric
and magnetic resonances. Fields distributions are investigated to gain
insight into the working mechanism. It is shown that the proposed
MMA not only can produce electric and magnetic resonances in
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different positions for fixed frequency, but also can trap the input power
into different dielectric layers and absorb it in the lossy substrate for
different frequencies, which effectively minishes the EM couplings and
consequently keeps the strong absorbing properties in a wide frequency
range. In addition, regardless of its small cell size, about 0.17λ, and
ultra-thin thickness, almost 0.015λ, this MMA shows polarization-
independent RCS reduction performance for wide incident angles.

2. RCS AND ABSORBANCE

Reflectance and transmittance are defined as R(ω) = |S11|2, T (ω) =
|S21|2, respectively. For MMA backed by continuous metallic plate
(T (ω) = 0), the absorbance is calculated by

A(ω) = 1−R(ω)− T (ω) = 1−R(ω) (1)

Reflectance can also be expressed by

R =
|Er|2
|Ei| 2 (2)

where Ei is the incident field and Er the reflected field.
According to the definition, RCS is given by

σ = lim
d→∞

4πd2 |Es|2
|Ei|2 (3)

where Es is the scattered field and d the detecting distance. For
monostatic RCS under normal incidence, Es = Er, so RCS can be
rewritten by

σ = lim
d→∞

4πd2(1−A) (4)

Thus the RCS reduction of MMA compared with a PEC plate with
comparable dimensions can be obtained by

∆σ = −10 log(1−A) dB (5)

From Equation (5), it can be deduced that RCS reduction speedily
goes up with the increase of absorbance. If A is 50%, the RCS reduction
is only 3 dB, while if A is 90%, RCS reduction reaches 10 dB. It is worth
noting that the foregoing results are all obtained under ideal conditions.
Consequently, it can be concluded that MMAs should demonstrate
absorption above 90% to meet the demands in practical EM stealth.
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3. DESIGN AND SIMULATION

As shown in Figure 1, the proposed MMA consists of three stacked
lossy dielectric layers, with a square metallic loop imprinted at the top
of each of them. And the whole structure is backed by a continuous
metal plane to ensure zero transmission. The complete symmetry
of the unit cell along the x- and y-direction ensures the insensitive
absorbance for arbitrary polarizations of incident wave. Starting with
arbitrary dimensions and considering a normally incident plane wave
propagating as Figure 1 shows, a genetic algorithm is adopted to obtain
the optimal parameters for maximum absorption near 5 GHz. For
comparison, a one-layer MMA operating at the same center frequency,
which is formed by removing the two-tier dielectric spacers with upper
imprinted square loops of the proposed MMA, is also designed. The
substrate used in the MMAs is FR-4 with thickness of hj = 0.3mm
(j = 1, 2, 3) and complex dielectric constants of εr = 4.4(1 + i0.02).
The metal portions of the MMAs are modeled as lossy copper with
electric conductivity σcopper = 5.8× 107 S/m. The final dimensions of
the proposed MMA and one-layer MMA are shown in Table 1.
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Figure 1. Schematic unit cell with dimensions of the proposed MMA.

Table 1. Dimensions of MMAs (all units in mm).

Sample p l1 w1 l2 w2 l3 w3

Proposed MMA 10.2 9.16 6.33 8.65 6.18 9.32 6.72
One-layer MMA 10.8 10.6 5.2 - - - -

A full wave analysis provided by Ansoft HFSS has been carried
out to investigate the EM properties of the MMA. Figure 2 shows the
simulated absorbance as a function of frequency for different cases. As
can be seen in Figure 2(a), the proposed MMA exhibits obvious near-
unity absorbance at 4.81 GHz, 4.91 GHz and 5.01 GHz, respectively.
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Figure 2. Simulated absorbing performance for (a) normal incidence,
(b) different incident angles under TE and TM polarizations.

Table 2. Absorption bandwidth of MMAs.

Absorption bandwidth One-layer MMA Proposed MMA

FWHM 4.86–5.02GHz (3.2%) 4.72–5.11GHz (7.9%)

Absorbance above 90% 4.90–4.96 GHz (1.2%) 4.79–5.04GHz (5.1%)

And the electric size of this MMA is only 0.17λ. Compared with
the electric size of the MMA designed in [37], i.e., 0.4λ, the square
loop pattern in the proposed MMA demonstrates good miniaturization
effects. Table 2 clearly displays that the 90% absorption bandwidth
of proposed MMA is 5.1%, which is much wider than that of one-
layer MMA. The absorption under oblique incidence for TE and TM
modes is plotted in Figure 2(b). As shown in the figure, the absorptive
peaks remain greater than 80% with the incident angle ranging from
0◦ to 50◦ for TE mode. The similar conclusion can be drawn for TM
mode. These results indicate that the proposed three-layer MMA is
both polarization and incident angle insensitive.

To improve the physical understanding of the proposed MMA,
we observed the electric field and current distributions at resonance
frequencies. As can be seen in Figure 3(a), for one-layer MMA, charges
accumulate mainly at the two ends of the square loop, indicating a
response to the electric field component, while the currents are anti-
parallel on the loop and ground, which induces a strong response to
the magnetic field component. Numerical results for the proposed
MMA are shown in Figure 3(b). For convenience, the square loops
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Figure 3. Electric fields and current distributions at 4.91 GHz of
(a) one-layer MMA, (b) proposed MMA.
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Figure 4. Distributions of power losses at strong absorptive
frequencies. (a) 4.81 GHz, (b) 4.91 GHz, (c) 5.01GHz.

in Figure 1 from the bottom to the top are denoted in sequence as
1st loop, 2nd loop and 3rd loop. As shown in Figure 3(b), 1st loop
primarily couples with the electric field component, 2nd loop and
3rd loop response mostly to the magnetic field component. Thus
electric and magnetic resonances can be observed in different layers
at 4.91 GHz, which effectively reduces the mutual couplings. Owing to
the strong EM couplings appearing at this frequency simultaneously,
almost all of the incident power is trapped into the MMA. Taking a step
further, Figure 4 displays the distributions of the power loss density
at different peak absorption frequencies. It is clear to see that for the
three strong absorptive frequencies, power losses are mainly associated
with three different layers. As a result, the MMA exhibits three closely
positioned absorption peaks.

Figure 5 shows the absorption for different material properties of
metal layers and dielectric layers. The lossless metal (PEC) with lossy
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Figure 6. RCS reduction as a function of frequency under normal
incidence.

FR-4 almost achieves perfect absorption of the copper with lossy FR-
4. However, the copper with lossless FR-4 only achieves a maximum
absorption of 16.1%. Therefore, it is concluded that the contribution
to the strong absorption mainly comes from the dielectric losses in
dielectric layers rather than the ohmic losses in metal [14]. To further
confirm this point, we merely replaced the 3rd dielectric layer with
lossless substrate and calculated the absorption. It is found that only
the absorbance at 4.91 GHz drops dramatically, indicating that it is
the 3rd dielectric layer that mostly results in the strong absorption at
this frequency, which is in good accordance with the results shown in
Figure 4(b).

The RCS properties of the MMA are studied by analyzing an
absorbing board consisting of 10×10 proposed MMA array. The overall
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size of the board is 102 mm × 102 mm. Monostatic RCS reduction
of the board compared with those of a PEC plate with comparable
dimensions is shown in Figure 6. As seen from the numerical results,
the RCS reduction is above 10 dB from 4.75GHz to 5.04 GHz for
normal incidence. To stress the favorable absorbing properties of the
board, we further compared the monostatic and bistatic RCS against
the incident angles in Figure 7. It is observed that for monostatic
case, the RCS of the board is below −18 dB with the incident angle
ranging from −90◦ to 90◦, and a prominent RCS reduction is almost
obtained across the whole angle range. For bistatic RCS, a 10 dB
reduction is achieved from −66◦ to 64◦. These results suggest that
the board exhibits low RCS properties in wide incident angles, which
is also visually approved by observing the scattering fields shown in
Figure 8.
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Figure 7. Comparison of RCS as a function of angles at 4.89 GHz.
(a) Monostatic RCS, (b) bistatic RCS.

4. FABRICATION AND MEASUREMENT

First of all, we used the waveguide test system (closed system) [27]
to verify the absorption. Each layer of the MMA sample composed
of 2 × 3 unit cells was fabricated, as shown in the inset of Figure 9,
based on printed circuit board (PCB) technology. Then they were
spliced into the MMA sample. We connected a standard C-band
waveguide BJ48 to Agilent N5230C network analyzer and mounted
the sample into the port of the waveguide. As can be seen in Figure 9,
the measured maximum absorbance is 98.7% at 4.81GHz, and the
absorbance exceeds 90% from 4.79 GHz to 5.03GHz. Regardless of the
slight frequency deviation caused by bonding layers, a good agreement
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Figure 8. Distributions of scattering fields at 4.89 GHz of (a) proposed
MMA board, (b) PEC plate.
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Figure 9. Comparison of simulated and measured absorption.

between simulated and measured results is obtained, which verifies the
extended high absorption bandwidth of the proposed MMA.

The absorbing board consisting of 10 × 10 unit cells was also
fabricated using PCB technology. Figure 10 shows the fabricated
samples and the MMA board under testing. Monostatic RCS of the
MMA sample and a PEC plate in the same size were measured in
anechoic chamber. To ensure the accuracy of the measurements, the
distance between the testing horn antennas and the sample is set to
be 1 m. Figure 11 compares the measured results with simulated as
well as calculated ones. The calculated results are obtained by putting
the absorbance of proposed MMA in Figure 2(a) into Equation (5).
We can see that an evident RCS reduction above 10 dB is obtained
from 4.77 GHz to 5.06GHz in measurements. The small error between
simulated and measured results is due to the adherence deviations.
In addition, the discrepancy of simulated and calculated results can
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Figure 10. Photographs of (a) fabricated samples, (b) the MMA
board under testing.
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Figure 11. Comparison of calculated and simulated as well as
measured RCS reduction.

be attributed to the factor that the size of the simulated model is
102mm×102mm whereas the calculated results correspond to infinite
size. Measured results once again prove the low RCS properties of
proposed MMA.

5. CONCLUSION

A low-RCS metamaterial absorber (MMA) with enhanced bandwidth
is designed and fabricated in this paper. The relationship between RCS
reduction and absorbance of MMA is discussed first. Then according
to the idea of separating the electric and magnetic resonances, the
bandwidth of MMA is effectively extended by assembling three square
loops with appropriate geometrical dimensions. Investigation into
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fields distributions suggest that the proposed MMA not only can
offer electric and magnetic couplings to the incident wave in different
positions for fixed frequency, but also can trap the input power
into different dielectric layers and absorb it in the lossy substrate
for different frequencies. Owing to this property, the bandwidth of
absorbance above 90% of the three-layer MMA is 4.25 times as that of
one-layer MMA. About 10 dB RCS reduction is achieved over the range
of 4.77–5.06GHz in measurements. Considering the small dimensions
of the unit cell, about 0.17λ, and the ultra-thin thickness of 0.015λ,
we believe that the bandwidth of the MMA can be further broadened
by increasing the number of stacked layers with the same or different
cell configurations. Moreover, the proposed MMA may have strong
practical and bright application foreground due to its advantages of
simple design, easy fabrication, stable performance as well as enhanced
bandwidth.
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