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ABSTRACT 
The purpose of this paper is to design a new electromagnetic 
wave absorber. It consists of a planar layered structure with an 
isotropic Epsilon-Near-Zero (ENZ) material and a gold metal 
inclusion, both placed over a perfect conductor (PEC) plate. 
Absorption is obtained by exploiting the combination of both 
ENZ and metasurface materials. The electromagnetic properties 
of the structure, in terms of reflection coefficient, are 
analytically described by the use of the transmission line theory. 
The proposed analytical closed-form formula provides us the 
possibility to correlate the electromagnetic absorption properties 
of the structure (magnitude, bandwidth and resonant frequency) 
with its geometrical characteristics. Such a formula represents a 
useful tool in order to design the absorber for specific required 
applications. The main issue is to absorb the incident 
electromagnetic wave in the broadest angle range possible. In 
particular, an absorption in a wide angle range (0°-80°), for 
different frequencies (multi-resonant), with a large frequency 
bandwidth (wide-band) for small structure thicknesses (d< r/4) 
is demonstrated, compared to the conventional absorbers 
existing in literature.   
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1. INTRODUCTION 
A near unity absorber is a device in which all the incident 

radiation is absorbed, meanwhile transmission, reflection and 
scattering are zero. Electromagnetic wave absorbers can be 
categorized into two types: resonant absorbers and broadband 
absorbers [1]. Initial interests in electromagnetic wave resonant 
absorbers were largely in the microwave range. Salisbury and 
Jaumann, independently, created similar devices: one or more 
resistive sheets are placed 0/4 in front of a metal ground plane, 
usually separated by some lossless dielectric [2, 3].  

 

The Dällenbach layer employs a different mechanism 
compared to the Salisbury screen; its design consists of a 
homogeneous layer in front of a ground plane [1]. Another type 
of resonant electromagnetic wave absorber, the crossed grating 
absorber, uses a reflective metal plane with a periodic grid for 
the unpolirized incident light [4]. Circuit Analog (CA) absorbers 
(an extension of the Salisbury screen), consist of one or more 
sheets composed of both resistive and reactive components 
arranged in a periodic array in front of a single ground plane [5].  

First examples of broadband absorbers are geometric 
transition absorbers: the idea is to create a slowly varying 
transition from free space into lossy material using shapes such 
as pyramids or wedges [1]. Another type is the low-density 
absorber which utilizes a porous or sparse material so that its 
parameters can generally be taken to be approximately those of 
free space [1]. 

Recently, the advent of metasurfaces permitted to enhance 
all aforementioned devices performances. Metamaterial-based 
absorber were proposed in several frequency ranges: microwave 
[6], millimeter waves [7], THz [8], infrared [9], and optical 
wavelengths [10]. The general idea is to minimize reflection on 
the metamaterial surface and then, by utilizing geometrical and 
material properties, create losses to give high absorptivity.  
From what we have seen so far, the major issues in the 
electromagnetic wave absorber design concern satisfying the 
following requirements: 

Small thickness: most of the presented absorbers require a 
thickness at least around /4 

Broad angle range: the absorption is required at all angle 
of incidence 

Broad bandwidth and multi-resonant behavior: wide the 
bandwidth of the single resonant frequency and/or create 
multiple resonant bands with the wider bandwidth possible 

Scaling the structure: the possibility to replicate the same 
behavior and performances in all the electromagnetic 
spectrum frequency ranges. 

The main goal, not easily achievable, is to satisfy all the 
features listed above at the same time. Such an aim is really 
complicated, due to the fact that all the aforementioned 
requirements are related each other. Optimizing one of them, it 
can lead to not satisfy the others.  

Recently, several studies focused their attention on a 
particular kind of metamaterials entitled Epsilon-Near-Zero and 
on their particular electromagnetic properties. Such materials, 

 

 



characterized by low (mostly near zero) values of the real part 
of the relative permittivity, have several interesting applications 
such as tailoring the phase-front of an electromagnetic wave and 
designing filters [11], obtaining directive antennas [12], 
implementing optical nano-circuits [13], confining 
electromagnetic fields [14], enhancing transmission [15], 
obtaining anomalous tunneling effects [16], focusing the 
electromagnetic field [17], cloaking objects [18] improving 
sensing systems [19].  

Recent evidence suggests that good absorption could be 
obtained by thin ENZ and Mu-Near-Zero (MNZ) with low 
losses [20] in thin anisotropic ENZ [21] and with high losses 
MNZ materials [22]. 

Considering all these issues, in this paper, by combining 
the particular properties of ENZ and metasurfaces, we propose 
the design of an electromagnetic absorber, in order to satisfy all 
the mentioned requirements at the same time. 

Because such absorbers are tunable with respect to their 
operational wavelength, they can be used as spectrally sensitive 
detectors, sensors, for imaging and telecommunications 
applications.  

The article is structured as follows: first of all, the general 
operation pattern is presented and analytically described by the 
use of the Transmission Line Theory. To do this, the impedance 
of the resonator is analytically evaluated, by using the 
equivalent circuit model theory. Then, the closed-form formula 
for the reflection coefficient of the structure is obtained. This 
provides us the possibility to correlate the electromagnetic 
properties of the absorber (in terms of absorption magnitude and 
resonant frequency) with its geometrical characteristics. Finally, 
the electromagnetic absorber properties are evaluated by using 
full-wave simulations. 

2. THE METAMATERIAL-BASED 
ELECTROMAGNETIC WAVE 
ABSORBER 
2.1 The operation pattern 

The structure under study is show in Figure 1. An isotropic 
ENZ material slab with a thickness d is placed on top of a 
perfect electric conductor (PEC) sheet. On the ENZ slab the 
considered metasurface (gold cross) is deposited. Let’s assume 
the top layer as free space with electric permittivity 0 and 
magnetic permeability 0. The ENZ material is described by the 
electric permittivity ENZ( )= 0( r( )-j i( )) and magnetic 
permeability ENZ= 0 r with r=1 the relative magnetic 
permeability of the free space and =2 f is the angular 
frequency (rad/s). The structure is excited by an electromagnetic 
plane wave, having the electric field and the propagation vector 
k inclined to the ground plane with a generic Angle Of 
Incidence (AOI) , as depicted in Fig. 1(a). In this way, there is 
always an electric field component that can excite the structure. 
A wave may be reflected (r), transmitted (t), or absorbed (a), 
with their relationship given as a = 1– t – r. In our case, due to 
the presence of the PEC, the transmission coefficient is zero, so 
the corresponding absorption a, is related to the reflection 
coefficient as a=1-|r|2. As a consequence the absorption is 
obtained when the coefficient r approaches to 0. 

 

2.2 Reflection Coefficient Evaluation 
By using the Transmission Line Theory we developed an 

analytical approach to find the reflection coefficient r. The 
formula provides a powerful tool in order to link the absorption 
properties to the electromagnetic ENZ material ones ( r and i), 
the angle of incidence ( ) and the thickness d of the ENZ layer. 
We consider each layer as a section of the transmission line, 
each of one characterized by their parameters, as depicted in 
Figure 1 (b). In particular, Z0 = ·cos( ) is dependent on the 
angle of incidence  with  the free space characteristic 
impedance ( =120 ). ZENZ is the impedance of the ENZ 
material, the PEC layer is represented by a short circuit. 

 
Figure 1. (a) A plane wave impinges (with an angle ) on the 

structure; (b) equivalent transmission line model. 
 

The reflection coefficient is calculated by using the 
relation: 
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where Zi is a function of the metasurface (Zcross), Epsilon-
Near-Zero (ZENZ) and PEC (ZPEC) impedance. In particular, 
from the transmission line theory: 

the ENZ layer is characterized by the following 
impedance: 
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where ENZ is the characteristic impedance of the ENZ 
layer. 

the PEC layer impedance reads ZPEC=0. 
the inclusion impedance Zcross reads: 
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2.3 Metasurface Lumped Elements 
Evaluation by equivalent circuit model 

The metasurface structure consists of planar array of 
resonant metallic cross-shape structure. In order to evaluate the 
Metasurface impedance Zcross we can refer to the quasi-static 
approximation approach. Due to the fact that the inclusion size 
and their spatial periodicity are much smaller than the operative 
wavelength, the structure can be treated as a homogeneous 
medium described by effective parameters such as eff and eff, 
electric permittivity and magnetic permeability, respectively. In 
other words its electromagnetic behavior can be studied through 
an equivalent LC resonant circuit model representation. 
Therefore, it can be possible to describe the reactive electric and 
magnetic phenomena, with lumped circuit elements such as 



capacitance and inductance, respectively. The resonant 
frequency of the LC circuit is mainly determined by the 
geometry of the metallic structures and it reads:  
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We assume, for simplicity, that the structure is excited by 
an impinging plane-wave having the electric and magnetic fields 
parallel and the propagation vector k perpendicular to the plane 
containing the metal inclusion, as depicted in Figure 2(a), where 
only the unit-cell of the array structure is depicted. In this way, 
the resonator is excited by both the electric and magnetic field. 
The electric field, in fact, oscillates parallel to the metallic strip, 
exciting conduction currents on the resonator; instead the 
magnetic field oscillates transversally, generating a magnetic 
loop around the structure. The evaluation of the capacitive and 
inductive terms in the resonant circuit is related to the frequency 
range in which the structure works. Typically in the microwave 
region such terms depend exclusively on the size and geometry 
of the resonator. Consequently they are labeled as “geometric 
capacitance” and “geometric inductance”. 

The geometrical terms can be written as the three-
dimensional loop inductance and strip capacitance (in absence 
of the ground plane, in other words for the cross metal in air) as 
follows [23]: 
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where l is the strip length, w the width and t the thickness. 
In presence of the ground plane the inductance of a strip 
inductor is decreased and for the capacitance the core and 
fringing effects arise. Therefore, the aforementioned formulas 
reads: 
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However, at higher frequencies (e.g., THz, infrared, and 
visible), the thickness of the metal can no longer be neglected 
and metals are not ideal conductors any more. At such 
frequencies, metals exhibit quite high losses and a dispersive 
behavior which can be represented in a given frequency range 
by the Drude model: 
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where p=2 fp is the plasma frequency, =2 f is the 
angular frequency and  is the damping frequency. 

 
(a) 

 
(b) 

Figure 2. (a) Metasurface-based Electromagnetic Wave 
Absorber unit cell; (b) equivalent circuit model of the 

metallic inclusion. 
Considering such additional effects, the equivalent circuit 

model of the individual inclusion is the one reported in Figure 
2(b), and the additional capacitance and inductance terms can be 
expressed as [24]: 
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Ladd and Cadd represent the additional energy stored within 
the metal. The expression of Ladd is strictly related to the 
inductive inertia of the electrons oscillating in the metal. 
Instead, the additional capacitance takes into account the stored 
electron potential energy (energy of electric field created by 
separate charges within the metal). Consequently, the resulting 
resonant frequency of the inclusion becomes: 
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and Zcross reads: 
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2.4 The Metasurface-ENZ electromagnetic 
wave absorber 

Starting from (1) and by using the formulas found in the 
previous paragraphs, in the following an analytical approach is 
developed to find the reflection coefficient r. It links the 
structure absorption properties to the electromagnetic material 
characteristics (ENZ and metasurface), the angle of incidence 
( ) and the geometrical parameters of ENZ and metallic 
inclusion (the ENZ layer thickness d, the strip layer thickness t, 
its width w and its length l). The corresponding reflection 
coefficient formula reads [25]: 
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being =dtot/ r (where dtot is the sum of the ENZ and 
Metasurface thicknesses, r is the resonant wavelength) and the 
coefficients are a function (not simple) of all the geometrical 
and electromagnetic parameters listed above of the ENZ and 
metasurface. 

To describe the behavior of the structure under study with 
real materials, the dispersive permittivity models for Aluminum 
Zinc Oxide (AZO, fp=193THz), Gallium Zinc Oxide (GZO, 
fp=217THz) and Indium Tin Oxide (ITO, fp=210THz) [26] were 
used. Simulations are performed by using a frequency domain 
solver, implemented by the finite integration commercial code 
CST Microwave Studio [27]. 

In absence of the metasurface on top, for normal incidence 
the reflection coefficient is reduced only when the thickness is 
large. Due to the fact that the only component of the electric 
field is purely longitudinal and it doesn’t affect the absorption, 
at normal incidence ( =0) the absorption can be exclusively 
attributed to the presence of both high losses and large 
thicknesses of the ENZ material. Instead, for all the other angle 
of incidence ( >0) the electric field is magnified by the ENZ 
layer. As a consequence to obtain a good absorption, thin 
thicknesses can be used. 

In order to avoid large thicknesses and to obtain a good 
absorption, on the top of the ENZ layer the metal cross was 
deposited. The metal inclusion, resonating in the ENZ region of 
the substrate material, permits to create additional electric field, 
not present before, between the strip and the ground plane 
(Figure 3a). In addition to this, to achieve polarization 
independent absorptivity the “cross” structure was used. In this 
way the structure can absorb for both polarization conditions 
(TE and TM waves) in a similar way. 

 
(a) 

 

 
(b) 

Figure 3. Electric field enhancement by combining the ENZ 
and Metasurfaces electromagnetic properties (a). 
Metasurface and standard dielectric substrate (b). 

 

In Figure 4 the reflection coefficient spectra for the 
proposed structure in the TE case and TM case is presented for 
the AZO material. Similar results can be obtained with the other 
two materials (GZO and ITO). Let us fix the good absorption 
criteria when the resonant tip reaches the value of 10dB. 
From Figure 4 it is possible to note how absorption is achieved 
at all angles, from 0° to 80°; in particular at the same frequency 
in the angle range 0° 30° and for >30° the central resonant 
frequency blue shifts and the bandwidth enlarges (40° 70°). It 
is interesting to note that for >30° new absorption resonant 
frequencies (in the ENZ region and outside) arise. It confirms 
the possibility to use the structure as a multi-band 
electromagnetic wave absorber. 

 
(a) 



 
(b) 

 
(c) 

 
(d) 

Figure 4. Absorption of the proposed structure for: (a) the 
TE case, (b) TM case, (c) TE 45° oblique and (d) TM 45° 

oblique incidence. 
 

3. CONCLUSIONS 
The study has shown that it is possible to combine the 

peculiar properties of ENZ and metasurface materials to design 
a new electromagnetic absorber, satisfying specific 
requirements. In this regard, first of all a new analytical model, 
describing the electromagnetic absorption characteristics of the 
structure (in terms of magnitude, bandwidth and frequency 
position) was presented. The proposed model is compared to the 
results obtained by full-wave simulations. Full-wave simulations 
have confirmed the ability of the proposed configuration to 
absorb in a larger incidence angles range (compared to 
absorbers existing in literature) for small thicknesses (dtot < 

r/4). The proposed structure offers great potential in a wide 
variety of practical application fields such as to build-up 
selective thermal emitters, for detection and sensing, for 
imaging and defense applications.  
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