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Abstract
In this paper, a new design of Metamaterial Absorber

unit-cell is presented with a high absorption coefficient
of 99.78% at 10 GHz. The numerical results show that
the proposed unit-cell has constant performances re-
gardless the polarization state of the incoming waves,
a wide angle of absorption up to 70◦ for TE polarized
waves, and 80◦ for TM, RHCP, LHCP polarized waves
is achieved. Analytical circuit model has been developed
to describe the matching process between the unit-cell
and free space impedances. The monostatic RCS capa-
bility of 12× 12 metasurface array has been proved nu-
merically by full wave simulation showing more than 10
dB RCS reduction at normal and oblique incidences. Fi-
nally a metasurface array was fabricated and tested ex-
perimentally, the simulated and measured results are in
good agreement in terms of absorption rate and band-
width, expect a frequency shift in terms of resonance
frequency.

Keywords: Metamaterials, Metamaterials Perfect
Absorbers, Energy Harvesting, Monostatic RCS, Polar-
izations

1. Introduction
Electromagnetic absorbing materials, or Radar Absorbing
Materials (RAM), were created both in the USA and in
Germany during the Second World War [1]. An ideal ab-
sorber looks like an effective paint or coating for all po-
larizations over a wide frequency band and a wide range
of incidences. Such material does not exist in reality and
it seems difficult to have a prototype that perfectly meets
this definition. The applications of absorbers mainly come
from the field of Electromagnetic Compatibility (EMC) and
Radar discretization [2].

In 2002, N. Engheta showed in a theoretical article [3]
that if a surface with metamaterials is placed near a per-
fectly conductive foil, in a certain frequency band, this
structure can behaves like a flat plate with a high impedance
on its upper part. Thus, if a resistive sheet is placed on this
plate of high impedance, it is possible to obtain a thin struc-
ture equivalent to an electromagnetic wave absorber which
has reduced dimensions. Several types of electromagnetic

wave absorbers have been proposed in the literature, in par-
ticular: Dielectric absorbers [4], Structural absorbers with
impedance matching [5], Resonant absorbers [6], Magnetic
absorbers [7] and Metamaterial absorbers [8]. In [8], the
first Printed Circuit Board (PCB) topology of a Metama-
terial Perfect Absorber (MPA) unit-cell at microwave fre-
quencies has been introduced. This thin structure, with the
thickness of λ0/35, has been optimized to achieve an intrin-
sic impedance close to free space characteristic impedance,
hence a near unity absorption rate. This kind of MPA are
being utilized for several applications ranging from mi-
crowaves to optics and photonics, such as RCS reduction
[9], energy harvesting [10]-[11], Radio Frequency Identifi-
cation (RFID) systems [12], sensing [13], mutual coupling
reduction in antenna arrays [14] and so on. Although the
functionality of MPA for various applications, harvesting
electromagnetic energy and RCS reduction are the best suit-
able applications with MPA’s operating principle, since they
capture efficiently the up-coming electromagnetic waves on
their front side, then the energy transported may either dis-
sipated or collected depending on the desired application.
For RCS reduction by using MPA, the incoming energy
will be dissipated inside the unit-cell, since there will be no
reflection neither transmission occurs due to the matching
process between the unit-cell and the free space impedance,
hence the backscattered energy is weaker and the target will
be undetectable for certain angle of incidence and certain
frequencies. So, in this case a substrate with high loss tan-
gent is highly recommended in the design of the unit-cell.
On the other hand, if we aim to use the MPA for energy
harvesting purposes, we will have to use a substrate mate-
rial with low loss tangent and high permittivity in the de-
sign of the MPA unit-cell, this will allow us to maximize
absorption rate of incident waves and reduce energy dissi-
pation in the cell. Using metamaterial absorbers for energy
harvesting and RCS reduction has been explored much dur-
ing last decade with much appreciable performances no-
tably in terms of high absorption coefficient, wide range of
incidence angle, polarization diversity and bandwidth. In
[10] M. Dinh proposed a dual-polarized metamaterial ab-
sorber cell with double integrated rectifying circuits, the
cell operates at 3.75 GHz and shows a high RF-AC effi-
ciency of 94% that preserved under a wide incident angle



Figure 1: Unit-cell geometry 3D-Design

up to 65◦ in TE mode and 75◦ in TM mode. In [15] Long
Li el al. present a Dual-Band rectifying metasurface with
wide range of incidence up to 60◦ and with considerable
conversion efficiency at the operating frequencies.
In this paper, a new design of metamaterial absorber unit-
cell is proposed, the unit-cell performs as a perfect absorber
with near unity absorption within the frequency bandwidth,
which could be a good condidate to harvest surronding elec-
tromagnetic waves with different polarizations.

2. The proposed MPA Unit-cell Design
Figure 1 illustrates the proposed design of the metamaterial
perfect absorcber structure. The proposed unit-cell consists
of two simple concentric metallic rings etched in the cen-
ter of a square shaped FR-4 substrate with a dielectric con-
stante (εr) 4.3 and loss tangent (tan δ) 0.025 . Four gaps
have been incorporated with the two concentric rings to im-
prove the absorption bandwidth, four strips have also been
merged with the two rings in order to make the cell rota-
tionally symmetrical around its z axis, due to this symmetry
purpose the cell will be able to capture efficientlly diffrent
polarized up-coming waves either circularly or linearly po-
larized ones. The structure is backed by a full coppered
reflective ground plane with the thichness of 35 µm. The
geometrical parameters of the unit-cell are listed in table 1.
Also shown in figure 1, the external excitation consiste of
two incident plane waves propagating from top to bottom
with electric feld polarized linearly in the y and x direc-
tions respectively for TE and TM modes. ~P1 and ~P2 are
the propagation vectors for TE and TM polarized waves re-
spectively.

3. Numerical Studies
3.1. Unit-Cell electromagnetic simulation

The unit-cell was simulated using commercial Computer
Simulation Technology (CST) MWS software. The struc-
ture was placed in the center of a rectangular square aper-

Table 1: Summary of Unit-Cell geometry.

Parameter size [mm]
R 6
c 0.6
d 0.4
m 4.4
y 2
g 1.4
h 0.8
L 13
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Figure 2: Absorption coefficient versus the frequency for
different polarizations of the incident waves : TE, TM,
RHCP and LHCP

ture waveguide, boundary conditions are set to be unit-cell
in the x and y direction, where open (add space) bound-
ary was applied in −z and +z directions. Such bound-
ary conditions are suitable for analyzing 2D periodic struc-
tures. Then, floquet modal analysis has been performed
from waveguide ports to get scattering parameters of the
unit-cell. The scattering parameters can be expressed with
respect to the co-polarized and cross-polarized components
by :

S11(ω) = Sxx11 (ω) + Sxy11 (ω) (1)

S21(ω) = Sxx21 (ω) + Sxy21 (ω) (2)

In equations (1) and (2), the co- and cross-polarized
components are denoted by ”xx” and ”xy”, respectively.
This configuration holds for an incident electric field polar-
ized in the x direction (TM mode), for the second configu-
ration where the incident electric field vector is polarized in
the y direction (TE mode) the co- and cross-polarized com-
ponents are denoted by ”yy” and ”yx”, respectively. Since
the unit-cell presents a low cross-polarization (Sxy11 ≈ 0)
and (Sxy21 ≈ 0), the absorption coefficient can be formu-
lated as follows :

A(ω, θ, ϕ) = 1− |S11(ω, θ, ϕ)|2 − |S21(ω, θ, ϕ)|2 (3)

Since the unit-cell is backed by a full reflective metallic
sheet which has the copper thickness of 35 µm, this value
remains greater than the skin depth of copper over all the
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Figure 3: Metamaterial unit-cell constitutive parameters.

frequency range, so this metallic plane will efficiently pre-
vent incident wave propagation in the other side, resulting
zero transmission S21 = 0 and equation (3) can be reduced
to the following form :

A(ω, θ, ϕ) = 1− |S11(ω, θ, ϕ)|2 (4)

From euqation (4), it is clearly shown that the absorp-
tion coefficient depends on the incidence angle (θ) which
also known as Elevation and on the Azimuthal angle ϕ.
Figure 2 sketches the variation of the absorption coefficient
computed by using equation (4) under normal incidence

(θ = 0◦ and ϕ = 0◦). The unit-cell has been excited
with differents polarization states of the incident electric
field including linear polarizations TE and TM, as well as
circular polarizations RH and LH. We can observe from fig-
ure 2 that the response of the unit-cell is very less sensitive
to the polarization of the incident waves which proves that
the unit-cell can capture and absorbe efficiently all incident
waves. Moreover, this feature has an advantage for applica-
tions that aim to harvest surronding electromagnetic energy
or Radar applications in which the target must not to be de-
tectable by Radar screens. In addition, an absorption band-
width of 530 MHz is achieved with an absorption rate above
70%. Figure 3 shows the unit-cell constitutive parameters
in real and imaginary parts as a function of frequency in the
X-band. The relative permittivity, relative permeability and
refractive index are computed using NRW modified reflec-
tion only algorithm (RO) and the three parameters are given
by following equations :

εr(ω) = 1 + χe(ω) = 1 +
2j

k0(ω)h

(
1− S11(ω)

1 + S11(ω)

)
(5)

µr(ω) = 1 + χm(ω) = 1 +
2j

k0(ω)h

(
1 + S11(ω)

1− S11(ω)

)
(6)

n(ω) =
√
εr(ω)µr(ω) (7)

Where χe and χm are respectively the complex electric
and magnetic susceptibilities, ω is the angular frequency,
k0 is the free-space wavenumber and h is thickness of
the substrate. To achieve the minimum reflection from
the absorber unit-cell, the normalized effective impedance
(with respect to the free space impedance Z0 = 377 Ω)
zeff =

√
µr(ω)/εr(ω) needs to be matched with the free

space impedance, so that zeff ≈ 1 at the resonance fre-
quency. From figures 3(a) and 3(b) at 10.04 GHz, zeff ≈
0.96−j0.1 which still acceptable for ensuring good match-
ing. The refcative index can be also formulated by n(ω) =
n

′
+ jn

′′
, n

′
is the refractive index whereas n

′′
is the ex-

tinction index, this later compute the losses in the medium.
Moreover from figure 3(c), we can see that within the oper-
ating frequency band the real part of n is near to zero while
the imaginary part has higher values due to the use of FR4
substrte having high loss tangent.

3.2. Equivalent Circuit Model Approach

In order to give a comprehensive understanding of the
impedance matching process between the MPA unit-cell
and the free space, we propose an analytical circuit model
which is based on circuit theory and transmission line the-
ory. The unit-cell with its three parts (Reflective metal-
lic sheet, Substrate and the resonator) is described by the
equivalent circuit shown in figure 4, whose parameters have
been rigorously calculated and optimized. Moreover, the
metal plane which plays the role of a reflector is modeled
by its complex impedance based on the approximation of
good conductor, this impedance is given by [16]:

Zm = (1 + j)

√
ωµ

2σ
= (1 + j)

1

σδm(ω)
(9)
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Zin(ω) =
A1(ω)

(
1− ω2LC

)
−A2(ω)Cω + j

[
1− LCω2 +A1(ω)Cω

]
A3(ω) (1− LCω2 −RCω) +A1(ω)−RCωA2(ω) + j [2A2(ω)− LCA2(ω)ω2]

(8)

A1(ω) = − Zc
σδm(ω)

tan (βs(ω)h) A2(ω) = Zc tan (βs(ω)h) A3(ω) =
1

δm(ω)

Figure 4: Equivalent circuit model of the unit-cell

Where ω is the angular frequency, µ is the permeability, σ
is the copper conductivity and δm is the skin depth of the
metal. Then, based on tansmission lines theory, the sub-
strate is modeled by a transmission line of length h termi-
nated by a short circuit to take into account the ground con-
nection. The input impedance seen looking into the line is
deduced by an equivalence between fields theory and circuit
theory and it is given by the following equation :

Zs(ω) = j

√
µrsµ0

εrsε0
tan (βsh) = jZc tan (βs(ω)h) (10)

Where βs = β0/
√
εrµr is propagation constant in the sub-

strate, εrs and µrs are the constitutive parameters of the
substrate material while Zc its characteristic impedance.
The etched metallic resonator on the top side of the sub-
strate, which is the fundamental element that controls the
cell’s resonance, is modeled by a series RLC resonant tank
which has the following impedance :

Zr(ω) = R+ jLω +
1

jCω
(11)

Since, the equivalent impedance seen looking into the input
port of the circuit is calculated by equation (8). the three
unknowns circuit parameters R, L and C are calculated by
solving the following equation :

Zin(ω)|ω=ωr
= Z0 (12)

Where ωr = 2πfr is the resonance frequency. After
solving equation (12), the values of R, L and C are found
to be respectively R = 601.62 mΩ, L = 2.54 pH and
C = 1.06 pF . Figure 5 shows the frequency response of
the circuit model compared to electromagnetic simulation
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Figure 5: Unit-Cell reflection coefficient : EM Simulation
versus circuit model responses

3.3. Effect of Incident and Azimuthal Angles on the Ab-
sorption of the MPA unit-cell

In this section, we study numerically the effects of changing
the incident and azimuthal angles of the incident electro-
magnetic waves on the unit-cell performances. MPA struc-
tures normally exhibit high absorption rate in normal inci-
dence, but when increasing the incident angle θ the absorp-
tion values decrease automatically due to the nonlinearity
between the reflection coefficient and the incident angle,
which is given by equations (13) and (14) for TE and TM
modes, respectively :

ΓTE(θ) =
cos (θ)−

√
n2 − sin2 (θ)

cos (θ) +
√
n2 − sin2 (θ)

(13)

ΓTM (θ) =
−n2 cos (θ)−

√
n2 − sin2 (θ)

n2 cos (θ) +
√
n2 − sin2 (θ)

(14)

Where n is the refractive index of the MPA structure
and θ is the incident angle. Since the challenge in design-
ing MPA structures is to achieve a high absorption coef-
ficient for large incident angles. Figure 6 depicts the ab-
sorption spectra of the unit-cell in which the variation of
absorption coefficient is reported as a function of the inci-
dent and azimuthal angles. Note that when sweeping theta
or phi angle the other angle is fixed at 0◦. From figure 6(a)
for TE mode, we note that the unit-cell shows a less sensi-
tive response to the variation of the angle θ, and the perfor-
mance is still surprisingly quasi-uniform up-to 70◦, which
we denote by θmax. As the angle is varied away from this
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(a) TE(θ, ϕ = 0◦). (b) TM(θ, ϕ = 0◦). (c) RHCP(θ, ϕ = 0◦).

(d) LHCP(θ, ϕ = 0◦). (e) TE(θ = 0◦, ϕ). (f) TM(θ = 0◦, ϕ).

(g) RHCP(θ = 0◦, ϕ). (h) LHCP(θ = 0◦, ϕ).

Figure 6: Absorption Spectra of the unit-cell for different polarizations : Elevation angle θ test : (a)-Mode TE,(b)-Mode
TM,(c)-RHCP and (d)-LHCP. Azhimutal angle ϕ test (e)-Mode TE, (f)-Mode TM, (g)-RHCP and (h)-LHCP.

value (θmax = 70◦), the absorption rate becomes less than
70% practically for the whole spectral badwidth. From fig-
ures 6(b), 6(c) and 6(d) similar effects, but with the value
θmax = 80◦ of theta, have been observed when exciting
the uni-cell with TM modes. The signification of the maxi-
mum value of theta lies in how large the angle of incidence
the unit-cell can support for the absorption of the incoming
electromagnetic wave. So, all the electromagnetic waves
arriving with an angle of incidence whose value is included
within the aperture angle θmax of the absorber cone will
be captured efficiently by the unit-cell with the minimum
reflection as explained in figure 7. This structure has been
designed to be rotationally symetrical around its z axis, this
fact is clearly observed in figures 6(e), 6(f), 6(g) and 6(h)
where the response is insensitive to the variation of ϕ, re-
spectively for TE,TM, RHCP and LHCP polarizations and
the unit-cell exhibits a constant absorption coefficient.

4. Metasurface RCS Reduction Capability
In this section, a demonstration of the metasurface RCS
reduction capability is given with respect to the incidence
angle at the maximum absorbance frequency point. The
metasurface is built by arranging 12 × 12 unit-cell in two
dimensions. At normal incidence, the RCS reduction by a
metasurface consisting with M ×N unit-cells is expressed
as [9] :

RCSRnormal = 20 log

∣∣∣∣∣
M∑
m=1

N∑
n=1

Emne
ik0βmn

∣∣∣∣∣ (15)

Where Emn and βmn are respectively the amplitude
and phase of the reflected electric field of the cell in row
m and colum n of the metasurface, and k is the wavenum-
ber of the incident wave in free-space. By using equation 8,
we can easily obtain the RCS reduction trough substituting
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Figure 7: Unit-cell maximum width angle
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Figure 8: Monostatic RCS versus the elevation angle θ of
the metasurface and equal-sized PEC at 10 GHz

the amplitude and phase of the reflected electric field by the
unit-cell. For an oblique incidence at angles θ and ϕ the
RCS reduction is given by the following equation :

RCSRoblique = 20 log

∣∣∣∣E (θ, ϕ)

Ei

∣∣∣∣ (16)

WhereEi is the magnitude of the incident electric field vec-
tor, and E (θ, ϕ) is the reflected back electric field by the
whole metasurface array cells which can be expressed by :

E (θ, ϕ) =

M∑
m=1

N∑
n=1

Emne
ik0[(m−1)dx cosϕ+(n−1)dy sinϕ] sin θ

(17)
The monostatic RCS of the metasurface has been com-

puted numericaly using HFSS, where excitation with plane
waves in spherical coordinates was used to illuminate the
metasurface array at the frequency of interest (10 GHz). In
order to test the RCS reduction for different values of the
incidence angle, we sweeped the angle θ from −180◦ to
+180◦ while the angle ϕ was fxed at 0◦. Then the same
simulation setup has been performed to compute the mono-
static RCS of equal-sized PEC sheet to the metasurface and
results are shown in figure 8. We can see clearly that the
metasurface contributes to reduce the monostatic RCS in

Figure 9: Fabricated metasurface array (12× 12) cells

Figure 10: Free-space measurement setup

all the range of θ where the RCS reduction reached 10 dB
or more at normal incidence.

5. Experimental results
In order to evaluate the performances of the metamaterial
absorber unit-cell and verify its performances, we fabri-
cated a square prototype of 144 unit-cells. Figure 9 shows
the fabricated sample on FR4 epoxy substrate with total di-
mensions of 15.3 × 15.3 × 0.08 cm3. Figure 10 describes
the measurement setup used to evaluate the absorption co-
efficient in the free-space. Accordingly, two X-Band horn
antennas were used to transmit electromagnetic waves and
receive the reflected signal from the metasurface, an Agi-
lent Power Network Analyser (PNA) is used to excite the
transmitter and measure the S-parameters of the sample.
The far-fleld distance was fixed at 0.92 m. The measure-
ment setting can be summarized as follow : first the re-
flection coefficient from a conductive plat, which has the
same dimensions of the sample, was extracted through the
measured scattering parameter (S21), then the metalic plat
was replaced by the metasurface absorber which its reflec-
tion coefficient was extracted also through measured trans-
mission coefficient (S21). The final reflection coefficient of
the metasurface was calculated through the substraction of
the two measured reflection coefficients. Finally, The ab-
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Figure 11: Simulated and measured absorption coefficient
at normal incidence

sorption coefficient was calculated by using equation 4 as-
suming normal incidence and measured results are reported
in figure 11. The measured results are in good agreement
with numerical results in terms of the absorption rate and
the absorption bandwidth, except that a frequency shift was
observed between the two results. This discrepancy is prob-
ably due to the manufacturing tolerances and the measure-
ment setup imperfections.

6. conclusion
In this work, a metamaterial absorber unit-cell has been de-
signed and simulated numericaly and the obtained results
showed that the absorption is above 70% within the fre-
quency bandwidth of 560 MHz, the unit-cell has the capa-
bility to absorb elecctromagnetic waves with different po-
larizations. A circuit model has been developed providing
physical insights into the matching process with the free-
space characteristic impedance to achieve full absorption.
The monostatic RCS reduction of the metasurface array has
been proved with 10 dB and more reduction at normal and
oblique incidences. The absorption coefficient of a (12×12)
metasurface array was calculated experimentally under nor-
mal incidence which has a near unit absorption rate at 10.45
GHz.
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