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ABSTRACT A dual-band fractal metamaterial absorber is proposed as a promising alternative for sensing
applications. A preliminary prototype, useful to validate the proposed configuration, is designed to operate
in the Ultra-High Frequency (UHF) range. The inherent miniaturization skills of fractal geometries are
effectively exploited to design and fabricate multiband/broadband absorbers with a small lattice size (≤ λ0/2
at the smaller operating frequency f0) and a very thin profile (≤ λ0/100). Two pairs of Minkowski fractal
patches, alternately arranged in four different quadrants and properly sized to achieve two distinct absorption
peaks, are assumed for the absorber-sensor configuration. In the framework of dielectric material diagnostics,
the MA structure shows an average relative sensitivity of 4.6% and a quality factor equal to 36. Very high
absorption peaks (>99%) and quite good stable absorption rates versus incidence angle variations (≥ 90%
for TE polarization and ≥ 97% for TM polarization at both frequencies) are demonstrated both numerically
and through experimental validations, thus proving the applicability of the proposed absorber sensor in
low-frequency sensing applications.

INDEX TERMS Dual-band, fractals, metamaterial absorbers, microwave sensors.

I. INTRODUCTION
Metamaterial absorbers (MAs) are artificial structures,
designed to detect and minimize the magnitude of the signal
scattered by an object, due to an incident wave operating at a
given frequency of the electromagnetic (EM) spectrum. They
consist of a periodic arrangement of metallic patches printed
on a thin and low-loss grounded dielectric sheet [1], [2].
The metallic pattern is properly shaped to realize perfect
absorption at one or more given frequencies and/or within a
desired frequency band. The MA concept is currently used
in many applications throughout the EM-spectrum [2], [3],
such as multipath reduction for indoor wireless systems,
improvement of electromagnetic compatibility (EMC) per-
formance of electronic products, reduction of radar signatures
of targets. Unlike traditional microwave absorbers, such as
λ/4-thick Salisbury screens, wedge-shaped anechoic panels
and ferrite-based absorbers, MAs offer smaller footprints and

The associate editor coordinating the review of this manuscript and

approving it for publication was Luyu Zhao .

lowerweights, thus providing a promising and attractive alter-
native for those radio frequency (RF) applications using lower
microwave frequencies (≤3 gigahertz (GHz)). MAs have
been intensively adopted for designing low frequency absorb-
ing panels [4], [5], [6], [7], [8], [9], [10], useful: to avoid
incorrect readings of Ultra-High Frequency Radio-Frequency
IDentification (UHF-RFID) sensors [4], [5], [6], [7]; for EMC
and noise reduction at Global System for Mobile commu-
nications (GSM) frequencies [8]; for RF energy harvesting
within the GSM, Worldwide Interoperability for Microwave
Access (WiMAX), Wireless Local Area Network (WLAN)
and Industrial, Scientific and Medical (ISM) bands [9], [10].

As recently demonstrated in [11], [12], [13], and [14],MAs
have the potential to develop innovative sensing devices in
the microwave band. Indeed, the high frequency selectiv-
ity exhibited by microwave metamaterial absorbers allows
to detect and discriminate the variation of environmental
parameters [11], such as temperature and humidity, as well as
physical and electrical properties of different materials, such
as permittivity and density [14]. Furthermore, the design of
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tunable and multifunctional two- or three-dimensional meta-
structures (MSs), is currently a trend in the terahertz (THz)
range [15], [16], [17]. For example, a tunable multifunctional
MS with polarization conversion (PC) and wave absorption
functions is proposed in [15], based on the phase transition
properties of vanadium dioxide (VO2). A MS device capable
of realizing PC and absorption function switching in the THz
range is proposed in [16], based on the photoconductivity
effect.

Miniaturization is a crucial factor in the development
and use of MAs for sensing applications. It enables the
manipulation of electromagnetic properties at smaller scales,
resulting in MAs with enhanced absorption properties [18].
Miniaturized MAs can be integrated into compact devices
and systems without compromising performance. This is
particularly important in space-constrained applications such
as electronics, telecommunications, and medical imaging.
Fractal geometries have recently been investigated in these
areas for their unique advantages in miniaturization [7], [19],
[20], [21], [22], [23]. Fractal shapes exhibit self-similarity
at different scales and space-filling properties, allowing the
creation of complex structures with reduced size [24], [25].
These properties enable the creation of compactMAs that uti-
lize the available space effectively, making them suitable for
integration into small devices and systems. To the best of our
knowledge, only a few studies [26], [27], [28] have employed
fractal MAs to develop sensors with high absorption capacity
while minimizing their physical footprint. Research should
continue to explore new designs in the field of fractal MAs in
order to exploit their full potential.

This work aims to contribute to this goal by proposing
a fractal-based MA structure that shows promising high
applicability in sensing with a significant level of miniatur-
ization (up to 67% with respect to standard configurations,
see section II-A), while maintaining good sensitivity. The
design of a multi-band and ultra-thin fractal MA, which was
preliminarily introduced by the authors in [29] for multipath
mitigation within the UHF band, is discussed in detail and
proposed for sensing applications in the framework of mate-
rial diagnostics applications. The miniaturization skills of the
adopted fractal shape are exploited to realize a dual-band
operation mode, by properly fitting two or more small metal-
lic patches inside the same MA-cell. Multi-band sensors are
commonly used to enhance detection capabilities. They are
useful in many practical applications that require multi-band
sensing, such as facilitating multi-channel measurements or
performing dielectric characterization of materials at differ-
ent frequencies in a single step.

Despite other multi-band MAs presented in the litera-
ture [9], [10], [30], [31], [32], [33], [34], [35], [36], [37], [38],
and [39], the proposed fractal MA allows to achieve very
close absorption peaks (i.e., a frequency separation of about
80 megahertz (MHz)), by adopting a single layer structure
with a very small thickness (≤ λ0/100). In contrast, the
MAs proposed in [9], [10], [30], [31], [32], [33], [34], [35],
[36], [37], and [38] exhibit two or three absorption peaks,

with aminimum frequency separation ranging from 430MHz
up to 4.85GHz. Furthermore, the MA cells suggested in [10],
[30], [31], [32], [33], [34], [35], [36], [38], [39], [40], [41],
[42], [43], and [44] have thicker profiles, ranging from λ0/76
up to λ0/9 at the lower absorbing frequencies.

The proposed MA structure also exhibits polarization-
insensitive absorption behavior, very high angular stability
and frequency scalability. Furthermore, depending on the fre-
quency bands to be utilized, it can be readily fabricated using
well-established techniques such as PCBmilling, lithography
or laser printing, showing high feasibility.

The sensing capability of the proposed MA-based sensor
is numerically demonstrated by detecting the frequency shift
of its absorption peaks caused by changes in the dielectric
constant values of the sample under test (SUT). Compared
to other frequency-variable planar sensors [39], [42], [45],
[46], [47], [48], this sensor achieves a higher average rela-
tive sensitivity of about 4.6%. Furthermore, it offers a good
trade-off between sensitivity, quality factor (Q), and unit cell
size when compared to other MA-based sensors [45], [46],
[47], [49], [50].

An 81-cell MA panel operating in the UHF frequency
range is fabricated and tested using a far-field measurement
setup consisting of a pair of transmit and receive horn anten-
nas and a vector network analyzer. The measurements show
very high absorption rates (>99%) and quite good angular
stability at 878 MHz and 956 MHz. Finally, the sensing
capabilities of the MA sensor are experimentally validated
using a monostatic measurement setup to measure frequency
variations in the panel reflection (i.e. absorption) response for
different SUTs.

Future developments will aim to improve sensor sensitivity
and integrate increasingly miniaturized MA-based sensors
with reconfigurable materials or devices, such as PIN and
liquid crystal diodes (LCDs), in order to provide multifunc-
tional behavior with switchable functions. These techniques
could include absorption/polarization conversion [16] and
frequency-tunable operation [51] to enhance sensing perfor-
mance and broaden the range of applications, particularly
in the fields of environmental monitoring and biomedical
research.

II. FRACTAL MA UNIT CELL GEOMETRY AND DESIGN
The proposed dual-band MA is shown in Figure 1. It com-
prises a frequency selective surface (FSS) consisting of a
fractal periodic pattern of copper with a thickness of 35µm
(the solid black part in Fig. 1(b)) printed on a grounded
dielectric slab (the grey part in Fig. 1).
The layout of the proposed dual-band unit cell is depicted

in Fig. 1(c), which considers two pairs of identicalMinkowski
patches, each designed to operate at a specific resonant fre-
quency. The MA surface is illuminated by a plane wave
with TE polarization and an angle of incidence equal to
(θinc, ϕinc) = (0◦,0◦). The performance of the structure is then
analyzed in the following sections by varying the character-
istics of the incident plane wave (see Section II-B).
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FIGURE 1. Fractal MA sensor: (a) side view; (b) front view; (c) unit cell.

The size of the Minkowski patches is properly adjusted
to achieve complete absorption of the incident signal at the
desired frequencies f1 and f2.
The theoretical absorptivity of a commonMA structure can

be calculated using the following formula:

A (f ) = 1 − |0 (f )|2 − |T (f )|2 . (1)

The terms 0 (f ) and T (f ) represent the reflection
and transmission coefficients of the MA unit cell,
respectively.

The operating principle of MAs is based on resonance
phenomena. To achieve the maximum absorptivity in expres-
sion (1), both the resonance and matching conditions must
be met at the chosen operating frequency f0. This requires
that the unit cell impedance Zcell (f0) equals the free space
impedance ξ0 = 377�. As a result, the reflection coefficient
of the MA unit cell approaches zero, as shown in the follow-
ing expression:

0 (f0) =
Zcell (f0) − ξ0

Zcell (f0) + ξ0

∼= 0 (2)

In addition, the copper layer located at the rear of the MA
cell, referred to as the ground plane in Fig. 1(a), prevents the
transmission of the incident wave, resulting in a transmission
coefficient of T (f ) = 0. Therefore, complete absorption of
the incident EM energy is achieved at resonance, and the
function (1) is maximized, i.e. A (f0) ∼= 1. The absorp-
tion mechanism of MAs can be optimized and customized
by selecting the appropriate substrate properties, such as
permittivity (εr), loss tangent (tanδ) and thickness (h) and
tuning the size/shape of the metallic pattern. Moreover, the
absorption coefficient of MAs can be enhanced by replacing
the metal pattern with a resistive paint or by incorporating
lumped resistors [52]. Substrate effects can also be con-
trolled by adjusting the free electronic charges present on

the surface [53]. These latter methods may be advantageous
for miniaturization, but they may result in more complex
structures [52].

The design process and miniaturization capabilities of the
proposed MA unit cell are described in detail below. Specif-
ically, this section is divided into subsections that examine
the design of single-band unit cells and their miniaturization
effects compared to standard square-based cells; the design
of a dual-band cell, an extensive analysis of its performance
and explanation of the associated physical mechanisms; the
potentialities and applications of the proposed fractal unit
cell, and finally its frequency scalability.

A. SINGLE-BAND MA UNIT CELL DESIGN
AND CONSIDERATIONS
The Minkowski fractal geometry, already proposed by the
authors in [7] and [54], consists of an L × L square metal
patch, suitably modified by removing a smaller SL × SL
square from the center of its sides (Fig. 2), where S is a
scaling factor ranging from zero to 1/3. The adopted fractal
configuration allows to fit electrically longer resonators in
smaller cells [54], [55], offering very interesting miniaturiza-
tion possibilities. Indeed, it is well known that the resonant
frequency f0 of a metallic patch is inversely proportional to
its effective electrical side length Le (i.e., f0 ∼1/Le), which in
the case of the fractal patch in Fig. 2 is approximately equal
to Le ∼= (1 + 2S)L [7].

FIGURE 2. Single-frequency unit cell based on the Minkowski fractal
shape.

Accordingly, the combined use of a shorter patch length
L and a higher S value allows the resonant frequency f0 to
remain unchanged, while saving the occupied area in the
cell. Furthermore, the Minkowski geometry provides two
different degrees of freedom to achieve the perfect absorp-
tion condition at the desired resonant frequency f0. In other
words, both L and S can be used to match the MA unit cell
impedance, Zcell , to the free-space impedance ξ0 = 377 �

at f0 (i.e., |0 (f0)| =

∣∣∣Zcell (f0)−ξ0
Zcell (f0)+ξ0

∣∣∣ ∼= 0 ⇒ A (f0) ∼= 1).
In order to prove the above statements, a set of fractal MA

cells is designed at 878MHz, characterized by a progressively
smaller dimension D ranging from 0.3λ0 to 0.15λ0 (λ0 is the
free-space wavelength at f0). A substrate with a thickness h
equal to 3.2mm, a relative permittivity εr = 4.2 and a loss
tangent tanδ = 0.015 is considered.
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A commercial full-wave code is employed, using the infi-
nite array approach [56] and assuming a normal incident
plane wave. Fig. 3 depicts the simulated absorption and
reflection coefficients (Fig. 3(b)) of the designed MA cells.
They show that it is always possible to guarantee the maxi-
mum absorption condition at f0 by an appropriate choice of L
and S. In fact, although the use of a smaller cell size D forces
the use of patches with a shorter length L (Fig. 3(a)), which
would inevitably raise the resonance frequency, an appropri-
ate increment of the S-factor allows to increase the electrical
length of the patch, keeping the desired operating frequency
(f0 = 878MHz) and the corresponding matching condition
unchanged (Fig. 3(b)).

FIGURE 3. Single-frequency fractal-based unit cell: (a) current on the
patch surface @ 878 GHz (D = 0.3λ, L = 70mm, S = 0.19);
(b) reflection/absorption coefficient and unit cell input impedance vs.
frequency for different cell sizes D.

The proposed fractal geometry allows for the design of
more compact unit cells due to the fact that the current path
on the fractal patch is curved close to the SL slits, extending
the effective resonance length of the patch. This result is
supported by physical evidence shown in Fig. 3(a).
In order to better appreciate the miniaturization capabil-

ities of the proposed configuration, the above results are
compared with the behavior of a standard square patch,
printed on the same substrate. Fig. 4 shows the simulated
absorption and reflection coefficients (Fig. 4(b)) of a set of
square patch-based MA cells designed to work at 878 MHz

and characterized by a progressively smaller dimension D
ranging from 0.45λ0 to 0.25λ0. In particular, it can be
observed from Fig. 4(b) that for smaller cell sizes (D≤0.3 λ0),
the higher capacitive coupling between adjacent patches
(see [7], [57] for more details) leads to very high resonant
input impedances, causing a progressive mismatch and hence
a reduction in the MA absorptivity. Therefore, for smaller
unit cells and a fixed substrate layer, it is not always possible
to optimize the square patch for maximum absorption. This
is due to the fact that the synthesis of a square-based MA-
cell is based on the use of only one degree of freedom,
i.e. the patch length L, which is typically chosen to fix the
unit cell resonance at the operating frequency f0.Unlike the
fractal patch, there is no further degree of control to adjust
the real part of the unit cell impedance and thus the match-
ing condition. In conclusion, comparing the results obtained
for the fractal-based MA cell in Fig. 3 with those of the
square-patch cell (Fig. 4), a 67% reduction in unit cell size
can be appreciated.

FIGURE 4. Single-frequency square-based unit cell: (a) current on the
patch surface @ 878 GHz (D = 0.3λ, L = 81.4mm);
(b) reflection/absorption coefficient and unit cell input impedance vs.
frequency for different cell sizes D.

As a further analysis, the effects of substrate losses are
considered in Fig. 5. Similar behavior can be observed for
all designed fractal unit cells. In particular, Fig. 5(a) shows
that the unit cell impedance Zcell decreases from 1.2 k�
down to 83� as the dielectric loss tangent, tanδ, increases
from 0.005 up to 0.075, for a fixed permittivity εr = 4.2.
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FIGURE 5. Absorption coefficient and unit cell input impedance vs. tanδ

@ 878 GHz for different cell sizes D: (a) fractal-based unit cell;
(b) square-based unit cell.

Therefore, if the value of tanδ differs from the one chosen dur-
ing the design stage (i.e. tanδ = 0.015 of Fig. 3), a mismatch
occurs in the unit cell impedance, resulting in a reduction of
the MA absorptivity (Fig. 5(a)) [57].
Hence, the use of a substrate with a higher loss tangent

can be advantageous for enabling the miniaturization of
the square-based unit cells depicted in Fig. 4. Figure 5(b)
demonstrates that the perfect absorption condition can be
achieved even with smaller D-size cells by using dielectric
substrates with higher loss tangent. However, it is important
to note that some of the conditions shown in the figure may
not be physically feasible, as the loss tangent of the most
commonly used printed circuit board (PCB) materials ranges
from 0.025 to 0.001. Therefore, it can be confirmed that the
proposed fractal patches shown in Figs. 4 and 5(a) are more
suitable for designing miniaturized MA cells with a size of
D < 0.3λ0.

FIGURE 6. Dual-frequency unit cell based on the Minkowski fractal
shape.

B. DUAL-BAND MA UNIT CELL DESIGN AND ANALYSIS
A dual resonant 0.4λ0×0.4λ0 cell is synthesized using the
layout depicted in Fig. 6. Here, λ0 represents the free space
wavelength calculated at the lower operating frequency.
A standard fiberglass laminate (εr = 4.2, tanδ = 0.015,
h = 3.2mm ≤ λ0/100) is considered, and a commercial full-
wave code [36], based on the infinite array approximation,
is adopted.

The unit cell is optimized to satisfy condition (2) and thus
maximize function (1) at the following operating frequencies,
f1 = 878MHz and f2 = 956MHz.
The design procedure of the proposed dual-band MA cell

follows the rules outlined in [7] for the single frequency
fractal MA cell. Each n-resonant element, with n ∈{1, 2},
is characterized by an Ln×Ln square patch, which is properly
reshaped by subtracting a smaller SnLn×SnLn square from
the center of its edges (Fig. 6), where Sn is the scale factor
varying from 0 to 1/3. As demonstrated in [54] and discussed
in the previous subsection, the adopted fractal patch allows
to accommodate a greater electrical length into a smaller
cell (i.e. for Sn ̸=0, the resonant length of the fractal patch,
equal to (1+2Sn)Ln [7], is longer with respect to that of
the beginning Ln×Ln square patch). Moreover, as can be
clearly observed in [54], the miniaturization capability of
the proposed fractal element becomes more relevant when
a higher value of S is considered and/or the fractal order
increases. For the above reasons, a proper reduction of the
patch length, Ln, is essential to shift up the resonance to the
assigned operating frequency.

The synthesis procedure of the proposed MA cell consists
in finding the optimal Ln and Sn values able to simultaneously
meet the following goals: fres = {f1, f2}, Re{Zcell(fres)} =

377 �. To this end, as demonstrated in Fig. 7, it is useful
to remember that the use of smaller patch lengths Ln gives
higher resonance frequencies and vice versa [7], [29]. Con-
versely, the use of greater Sn-values allows to move down
the resonance frequencies (refer to Fig. 8), also reducing the
unit cell input impedance [7]. Then, a proper sizing of fractal
patch parameters (i.e. Ln and Sn, n= 1, 2) allows to synthesize
two distinct absorption peaks, one for each pair of resonators.
Further details concerning the adopted synthesis process can
be found in [7], where a graphical synthesis procedure is
carefully described.

FIGURE 7. Parametric analysis of a dual-band fractal MA: (a) absorptivity
and cell impedance for different patch length L1 and fixed values of S1 =

0.245, L2 = 68mm, S2 = 0.155; (b) absorptivity and cell impedance for
different patch length L2 and fixed values of S2 = 0.155, L1 = 64.2mm,
S1 = 0.245.

Fig. 9(b) shows the calculated absorption coefficient of
the cell achieved at the end of the optimization process.
Two absorption peaks greater than 99.5% are achieved at
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FIGURE 8. Parametric analysis of a dual-band fractal MA: (a) absorptivity
and cell impedance for different scaling factor S1 and fixed values of L1 =

64.2mm, L2 = 68mm, S2 = 0.155; (b) absorptivity and cell impedance for
different scaling factor S2 and fixed values of L2 = 68mm, L1 = 64.2mm,
S1 = 0.245.

FIGURE 9. Synthesis of a dual-band fractal absorber sensor: (a) input
impedance of the cell vs frequency; (b) absorptivity vs frequency.

the following UHF-frequencies: f1 = 878 MHz and f2 =

956MHz. The full width at half maximum (FWHM) band-
width around the absorption peaks is equal to 2.8%, at the
first resonance and 3.2% at the second resonance. It can be
observed in Fig. 9(a) that the above peaks correspond to a
well-matched cell impedance. The sizes of each fractal patch
are depicted in Table 1.

TABLE 1. Dual-band MA cell dimensions.

Furthermore, a wide angular stability is obtained for both
Transverse Electric (TE) and Transverse Magnetic (TM)

polarizations (see Fig. 10). As a matter of the fact, the sim-
ulated unit cell absorptivity is insensitive to incident angle
variations, showing very high and frequency-stable absorp-
tion peaks, for both considered polarizations. In Fig. 10, the
absorption coefficient is computed by taking into account
that the TE free space impedance increases as the inci-
dent angle increases (i.e. ξTE0 = ξ0/ cos θ , where ξ0 =
√

µ0/ε0 = 377�) while the opposite is valid for TM polar-
ization(i.e. ξTM0 = ξ0 cos θ ).

FIGURE 10. Absorptivity vs. frequency of the synthesized dual-band MA
sensor for different incidence angles: (a) TE-polarization
(b) TM-polarization.

An absorption rate ranging from 95.6% to 99.7% with a
root mean squared error (rmse) of approximately 2.85% with
respect to the ideal 100% absorption value is achieved at f1,
and from 90% to 99.7% (rmse = 5.64%) at f2, for a TE
polarized incident plane wave (Fig. 10(a)). Similarly, a peak
value ranging from 98.8% up to 99.7% (rmse= 0.91%) at f1,
and from 97% up to 99.7% (rmse = 1.88%) at f2 is obtained
in the case of TM polarization (Fig. 10(b)). Finally, Fig. 11
shows that the proposed MA sensor is essentially insensitive
to different polarization angles, in the presence of normal
incidence.

The equivalent circuit model of the proposed MA unit cell
is shown in Fig. 12. The unit cell impedance, Zcell , is mod-
elled as a parallel combination of the grounded substrate
impedance, Zh, and the FSS impedance, ZFSS .
Zh is calculated using the formula Zh = j ξ0√

εr
tan

(
k
√

εrh
)
,

where ξ0√
εr

is the characteristic impedance of the substrate.
The metallic FSS is represented by two RLC-series circuits
in parallel (Fig. 12), each given by Zpn = Rn−j 1−ω2LnCn

ωCn
,

with n ∈{1, 2}, corresponding to the different patch pairs
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FIGURE 11. Absorptivity vs. frequency of the synthesized dual-band MA
sensor for different polarization angles at normal incidence.

FIGURE 12. Equivalent circuit model of the proposed MA unit cell.

responsible for the MA resonances at f1 and f2, respectively
(see Figs. 12 and 1(c)). The overall impedance of the metallic
FSS is determined by the parallel combination of Zp1 and Zp2,
i.e. ZFSS =

Zp1Zp2
Zp1+Zp2

. When the inductive impedance of the
substrate Zh and the imaginary part of ZFSS are equal and
opposite (i.e., Im {ZFSS} = −Zh), the unit cell resonates.
As a result, the impedance Zcell becomes purely real (for thin
substrates [57]) and equal to the free space impedance ξ0,

resulting in two absorption peaks.
More specifically, the lumped elements in Fig.12 assume

the following meaning: the resistors R1 and R2 take
into account the ohmic/dielectric losses; L1 and L2 rep-
resent the inductances of the cell due to the magnetic
flux between the patches and the ground plane; finally,
C1 and C2 denote the parasitic capacitance between the
edges of adjacent patches and the capacitance between
the patches and the ground plane due to the evanes-
cent Floquet modes, in the case of thin substrates
(h< 0.3D) [57], [52].

The lumped parameters mentioned above can be numer-
ically retrieved through a full-wave simulation of the unit
cell reflection coefficient0, following the approach described
in [7], [56], and [57]. The impedance ZFSS can be calcu-
lated using the formula provided by the equivalent circuit in
Fig. 12:

ZFSS =
ξ0Zh (1 + 0)

(Zh − ξ0) − 0 (Zh + ξ0)
(3)

The capacitance and inductance values can be deter-
mined by calculating the null of the imaginary part
of the FSS impedance, i.e. the frequencies fpn at which
Im {ZFSS} = 0. At such resonances, the capacitances Cn
are related to the inductances Ln by the well-known rela-
tionship given by Cn = 1/

(
2π fpnLn

)
[58]. Once this

condition is imposed, the inductances can be obtained by
solving an equation system that enforces the resonance con-
dition of the MA cell at the operating frequencies f1 and f2
(i.e. Im {ZFSS} = −Zh [57]). The values of the resistors
R1 and R2 can then be estimated from the real part of
expression (3).

The calculated values of the equivalent circuit components
are shown in Fig. 12. Finally, a good agreement between the
full-wave simulations and the circuit model results can be
observed in Fig. 13, confirming the validity of the adopted
model.

FIGURE 13. Full-wave simulations (black line) and circuit model results
(red line).

In order to explain the fundamental physics behind the
absorption mechanism of the proposed dual-band MA cell,
the electric field distribution (Fig. 14) and the surface current
(Fig. 15) are computed under normal incidence, in correspon-
dence of the two absorption frequencies.

Both figures clearly illustrate that the different pairs
of fractal patches, labelled as #1 and #2 (Fig. 14), are
respectively responsible for the absorption at the resonating
frequencies f1 and f2. In particular, the induced electric field
due to the incident EM wave is strongly concentrated on
the surface of the corresponding resonating pair of patches,
namely on patches #1, for f1 = 878MHz (Fig. 14(a)), and on
patches #2, for f2 = 956MHz (Fig. 14(b)).

Contextually, the incident magnetic field generates antipar-
allel current between each pair of patches and the ground
plane (see Figs. 15(a) and 15(b)), at the corresponding
resonating frequency. These out-of-phase currents develop
a circulating current loop that is perpendicular to the
magnetic field of the incident wave. The above elec-
tric and magnetic responses overlap each other at res-
onant frequencies, thus realizing a strong EM wave
absorption.
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FIGURE 14. E-field distribution at (a) 878 MHz, and (b) 956 MHz.

FIGURE 15. Surface current distribution at (a) 878 MHz, and (b) 956 MHz.

C. FRACTAL UNIT CELL POTENTIALITIES
AND APPLICATIONS
As demonstrated in the following, the proposed fractal-based
MA cell is very versatile, being able to offer the capability of
multiple distinct absorption peaks or broadband absorption
features. A proper tuning of fractal dimensions allows to

easily move the separation distance between the MA absorp-
tion peaks [59], depending on the applications requirements.

As illustrated in Fig. 16, for example, a bandwidth-
enhanced MA cell can be achieved by properly re-sizing the
double resonant cell designed in the previous section.

FIGURE 16. Absorptivity vs. frequency of a broad-band fractal absorber
sensor for different incidence angles (TM-polarization).

In this case, both the substrate features as well as the
inter-element spacing D (Fig. 1) are left unchanged, while
the patches sizes are modified to the following values: L1 =

69.1 mm – S1 = 0.17, L2 = 52 mm – S2 = 0.31, (see Figs. 1
and 16). This leads a FWHM of 6% at 915 MHz (about two
times greater than those achieved for the dual-band cell of
Fig. 9). Furthermore, as shown in Fig. 16, excellent angular
stability is also obtained in this case.

The versatility of the proposed multi-band configuration is
finally confirmed through the design of a tri-band MA sensor
operating within the GSM frequencies [29].
The layout depicted in Fig. 17 is considered, consisting of

three different groups of identical miniaturized Minkowski
elements. The unit cell size is fixed to a value of 0.4λ at
the lower resonant frequency, while the substrate features are
fixed to the following values: εr = 4.4, tanδ = 0.02, h =

3.2mm ≤ λ0/100. Even in this case, a fine adjustment of the
fractal patches sizes (i.e. Ln and Sn, n = 1, 2, 3 - see Fig. 17),
leads to the desired multi-band operation mode.

FIGURE 17. Absorptivity vs. frequency of a three-band fractal absorber
sensor for different incidence angles (TM-polarization).

Three absorption bands are achieved in a neighborhood
of the frequency values f1 = 0.9 GHz, f2 = 1.8 GHz,
f3 = 1.9 GHz, by fixing the following patches sizes (Fig.17):
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L1 = 66.3mm - S1 = 0.192, L2 = 27.3mm - S2 = 0.29, L3 =

33.85mm - S3 = 0.1.
The proposed triple-band MA cell, giving very high

absorption rates greater than 99% and quite good angular
stability, is suitable for EMI detection/reduction within the
GSM band.

D. FREQUENCY SCALABILITY OF THE FRACTAL-BASED
UNIT CELL
As further proof of the versatility of the proposed fractal MA
configuration, the unit cell is re-scaled to work at different
frequency bands. In particular, the cell is designed to operate
within S and C bands, by properly tuning unit cell sizes,
comprising inter-element spacing D, substrate thickness, and
patches sizes. All the above geometric parameters are pro-
portionally resized with respect to the relative operating
wavelengths, by using the same FR-4 material (εr = 4.2) as
dielectric substrate. The designed unit cell has the following
sizes: D = 32mm, h = 0.762mm, L1 = 15 mm – S1 = 0.245,
L2 = 14.5mm–S2 = 0.155, (see Fig. 1). As shown in Fig. 18,
two absorption peaks of about 99.8% and 99.5% are respec-
tively achieved at the following frequencies: f1 = 3.72 GHz
and f2 = 4.5GHz. The FWHM is equal to 3%, at the first
resonance and 3.1% at the second resonance. In conclusion,
even the scaled dual-bandMAcell offers very high absorption
rates, and good frequency selectivity, making it suitable for
sensing and/or EMI reduction applications within S and C
bands.

FIGURE 18. Absorptivity vs. frequency of a dual-band absorber sensor for
S and C bands (TM-polarization).

The only limitation of the proposed fractal geometry is
related to the manufacturing precision of the numerically
controlled mechanical milling techniques, which becomes
relevant only at very high frequencies, namely above 40 GHz.
The same authors have in fact successfully designed and
realized a Ka-band fractal-based reflectarray for mmWaves
applications [60]. When considering higher frequencies, pho-
tolithographic manufacturing techniques are required. The
aforementioned high versatility of the proposed fractal con-
figuration allows to design ad-hoc MA devices for different
applications, ranging from SAR and EMI reduction [7],
to energy harvesting [61] and sensing. As just demon-
strated, the proposed MA cell allows to have a single MA

structure offering broadband, multi-band and/or high selec-
tivity behavior.

III. SENSING APPLICATIONS
The absorption features of metamaterial absorbers depend on
the impedance matching between MA cell and free space
at given resonant frequencies (see Section II). As it is well
known, the above condition is strictly related to the prop-
erties of the substrate layers composing the cell. Hence,
absorption percentage and relative frequency position can be
handled by varying substrate dielectric constant and thick-
ness. Exploiting the above concept, MAs can be adopted for
material diagnostics applications, by interposing a sensing
layer, namely the sample under test (SUT), between the
printed metallic pattern and the ground plane or, in alterna-
tive, by placing the sensing layer on the top of MA patches.
The latter approach is considered in this paper to investigate
the sensing capabilities of the proposed MA. The SUT is
placed on the top of MA structure, as a covering layer of the
metallic fractal patches (see Fig. 19). The sensing of material
characteristics is performed by detecting the frequency shift
in MA absorption peaks due to the change in the SUT dielec-
tric constant values.

FIGURE 19. MA-based sensor model.

In particular, the designed dual-bandMA (see section II-B)
is proposed as aMA-based sensor, due to its higher frequency
selectivity (namely its smaller FWHM), which is a valuable
feature for detecting and discriminating any variations that
occur in the sensing layer. Indeed, a narrower peak may
provide a better resolution for the frequency shift caused by
the variation of SUT dielectric constant.

Different substratematerials with dielectric constants rang-
ing from 2.17 to 3.6 and a fixed thickness of 3.2 mm are
tested. As shown in Fig. 20, the integration of the sens-
ing layer with the designed MA cell causes a shift of the
absorption peaks in both frequency bands with respect to
the absorption diagram of the unloaded MA (Fig. 9(b)).
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FIGURE 20. Absorption of the MA-based sensor for different SUTs.

This feature allows the proposed configuration to be suc-
cessfully used for the dielectric characterization of low loss
materials at two frequencies in a single step.

In particular, at the first resonance the absorption peak
moves from 878 MHz (unloaded MA – Fig. 9) down
to 833 MHz, for a sensing layer consisting of a sheet of
Arlon CuClad 217 (εrs = 2.17). At the same time, the
2nd resonance peak shifts from 956 MHz (unloaded MA -
εrs = 1) down to 933 MHz for a SUT with a dielectric
constant equal to εrs = 2.17. Afterward, by progressively
increasing the dielectric constant of the sensing layer, both
resonance peaks gradually move towards smaller frequencies
(1st resonance → 810 MHz, 2nd resonance → 917 MHz
for a SUT composed by Arlon AD360 layer - εrs = 3.6),
maintaining an amplitude always close to unity (Fig. 20).
The overall variation of the absorption peaks frequency

position vs the SUT dielectric constant is reported in Fig. 21,
both at the lower (Fig. 21(a)) and the upper band (Fig. 21(b)).
The dashed line shows the linear fitting for the retrieved data.

The fitting function in Fig. 21(a) is described by
f = -15.85εrs+866.81, where the dependent variable f is the
resonance frequency and the independent variable εrs rep-
resents the relative dielectric constant of the SUT, while
the fitting function in Fig. 21(b) is described by f =

−11.59εrs+958.13. It can be observed from Fig. 21 that the
simulated data (i.e. blue diamond markers in Fig. 21(a) and
blue cross markers in Fig. 21(b)) roughly match the linear
functions with quite small errors in the fitting parameters,
equal to about ±0.4MHz for the lower band and ±0.8MHz
for the upper band.

The extracted sensitivities S(%) of the MA sensor is com-
puted for both frequency bands as follows [42], [62]:

S (%) =
(f − f0)
f0(εrs − 1)

× 100 (4)

where f is the initial frequency (when the MA is unloaded),
f0 is the frequency when the sample under test is placed on
the top of MA and εrs is the permittivity value of the material
under test. The sensitivity of the proposedMA sensor is equal
to about 4.6 and 2.1 in correspondence of the 1st and the 2nd

resonance, respectively. As a further quantitative description
of the sensing performance, the Figure of Merit (FoM) of the

FIGURE 21. Absorption peak position vs dielectric constant values of
SUTs: (a) 1st resonance; (b) 2nd resonance.

proposed MA-based sensor is calculated as FoM = S×Q,
where S is the sensitivity (see (4)) and Q is the resonator
quality-factor given by Q = fr/1f , with fr and 1f the
resonance frequency and the 3dB bandwidth, respectively.
The proposed sensor FoM is equal to about 160 at the lower
band and 74 at the upper band. In conclusion, the sensor
works quite well at both frequency bands, but it shows higher
performance and better resolutions at the lower resonance.

A detailed comparison of the proposed MA sensor with
recent relevant works, based on the use of MA absorbers,
is reported in Table 2, considering unit cell size, thickness,
substrate, operation frequency bands, absorption peaks per-
centage, polarization insensitive behavior.

Both dual-band cell designs, respectively discussed in
subsections II-A (Design #1 - UHF band cell) and II-C
(Design #2 – S/C band cell), are reported in the table.

As it can be observed, the proposed MA unit cells are
thinner and smaller in size than previous MA-based con-
figurations. Similarly to other existing configurations, they
allow to reach very high absorption peaks (≥ 99.5%) and
a polarization insensitivity behavior. In contrast to other
configurations in the literature [11], [14], [40], [41], [28],
the absorption peaks of the proposed MA sensor always
maintain an amplitude close to unity for different values of
the SUT (see Fig. 20). This guarantees excellent detection
performance [14]. Finally, Table 3 depicts a comparison of
various frequency variation sensors, where f is the resonating
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TABLE 2. Comparison of proposed MA-based sensor with recent works.

frequency of unloaded sensors and S(%) is the average rel-
ative sensitivity computed by the formula (4). Most of the
works cited in the table are described in [49], which gives a
comprehensive outlook on various methodologies to enhance
the performance of planar microwave sensors, such as sensi-
tivity, resolution and robustness (for example using machine
learning [50]). According to the results in Table 3, the pro-
posed MA sensor has the highest average relative sensitivity.
Additionally, the analysis of both tables indicates that the
proposed configuration provides a good balance between sen-
sitivity, quality factor (Q), and unit cell size when compared
to other MA-based sensors.

Concerning future developments, the sensor ability of the
proposed MA to detect the change in materials dielectric
constant will be extended to other useful sensing applications,
at different frequency bands. In particular, by exploiting the
relationships, already known and tabulated in the literature,
between the dielectric constant of specific materials with
other physical and/or environmental parameters [11], [14],
[64], [65], such as density and humidity, it will be possible
to develop MA-based multifunctional sensors.

IV. EXPERIMENTAL RESULTS
In order to validate the proposed dual-band MA config-
uration, a 126cm×126cm absorber panel, composed by
9×9 0.4λ-cells, is realized and tested in the microwave ane-
choic chamber of the University of Calabria. A far-field
measurement setup (Fig. 22), consisting of a pair of transmit-
ting/receiving broadband horn antennas [66], is adopted to
detect the reflection response of the absorbing panel and then
to retrieve its absorptivity features vs. frequency, for different

TABLE 3. Sensitivity comparison of various frequency-variation sensors.

polarizations of the incident field. Both horn antennas are
connected to a 2-port Anritsu 37217C Vector Network Ana-
lyzer (VNA) using low-loss flexible cables. The antennas are
positioned in front of the sample at a distance of 180 cm,
satisfying the far-field condition (i.e. d>2D2/λ, where d is
the distance between the sample and the pairs of antennas,
λ is the wavelength of the incidence EM signal, and D is
the diagonal length of the horn antennas). As illustrated in
Figs. 22(a) and 22(b), the horns are coherently rotated on their
own axis in order to perform the measurements, for both the
TE as well as the TM polarization. The reflection measure-
ments are calibrated using a planar sheet of aluminum as a
reflecting mirror (Fig. 22), having the same sizes and position
of the absorbing panel under test. Initially, the reflection
coefficient of the aluminum sheet is measured as a reference.
Afterwards, the reflection coefficient of the MA prototype is
acquired and processed as follows, in order to retrieve the
absorptivity coefficient AMA (f ):

AMA (f ) =
|0Al (f )|2 − |0MA (f )|2

|0Al (f )|2
(5)

where 0Al(f ) and 0MA(f ) are the measured reflection coeffi-
cients (i.e. the S21-parameter of the adopted 2-port measure-
ment setup illustrated in Fig. 22) of the aluminum-sheet and
the MA panel, respectively. The above formula allows to nor-
malize theMA response with respect to the adopted reference
metal sheet, also removing the influence of environmental
noise, such as unwanted edge scattering.
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FIGURE 22. Free-space measurement setup: (a) TE polarization;
TM-polarization.

As a first validation, the absorptivity of the MA panel
is measured under normal incidence (i.e. θinc= 0 – see
Fig. 22), for both TE and TM polarizations. A very good
agreement can be observed between measured and simulated
data (Fig. 23), with a very little and negligible frequency shift
(< 2MHz) in the position of the absorption peaks.

FIGURE 23. Comparison between measured and simulated absorptivity
vs. frequency for different incidence angles: (a) TE-polarization;
TM-polarization.

Finally, in order to measure the absorptivity of the MA
panel for different oblique incident angles, the angular posi-
tion of the transmitting horn antenna (i.e. θinc in Fig. 24) is

moved from 0◦ up to 30◦ on the xz-plane and, coherently, the
receiving horn is moved in the specular directions, satisfying
the Snell’s law (Fig. 24). Even in these latter cases, a good
agreement can be observed in Fig. 23 between measured and
simulated data, showing that the proposed fractal MA panel
is able to offer perfect absorption features and a quite good
angular stability.

FIGURE 24. Free-space measurement setup under different incident
angles.

As a final point, the sensing capabilities of the proposed
metamaterial absorber are preliminary tested by considering
one of the 3 × 3-cell subpanels (Fig. 25) composing the
absorber panel illustrated in Figs. 22 and 24. A monos-
tatic measurement setup is adopted to detect the reflection
response of the MA sample and thus recover its absorp-
tion characteristics as a function of frequency, under normal
incidence condition (see Fig. 25). An open boundary quad-
ridged horn [67], connected to a VNA, is positioned at
a distance of 1 m from the MA panel to satisfy the far-
field condition. Measurements are taken outside the anechoic
chamber to test the sensing capabilities of the proposed MA
in uncontrolled environmental noise level conditions. The
measurements are recorded at a temperature of 23◦C and a
relative humidity (RH) of 45%RH. The absorptivity measure-
ment is calibrated using a metallic plate identical in size to
the MA sample (see equation (5)). Fig. 25(a) illustrates the
comparison between the simulated andmeasured absorptivity
of the unloaded MA sensor, showing very good agreement
at both absorption peaks. Small discrepancies are observed
in the frequency range outside the absorption peaks, mainly
due to scattering phenomena at the edges of the smaller
MA sub-panel and to spurious reflections occurring in the
measurement setup. To mitigate these effects, a time-domain
gating (TDG) technique is applied by using the VNA [68] to
measure only the signal reflected from the prototype sample.
Finally, two different wood samples are tested (see the SUTs
in Fig. 25(b)), having a dielectric constant equal to εr =

1.76 [69], [70] and a thicknesses of 3.2 mm (red line) and
10 mm (blue line), respectively. As depicted in Fig. 25(b),
the measured results confirm the ability of the proposed MA
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FIGURE 25. Experimental results: (a) comparison between simulated and
measured absorptivity of the unloaded MA sensor; (b) measured
absorptivity of the MA-based sensor for different SUTs.

to detect variations in the dielectric properties and thickness
of the material under test.

V. CONCLUSION
Multi-frequencies fractal MA sensors have been proposed for
ultra-low-frequency applications. The miniaturization skills
of the adopted fractal shape have been exploited to imple-
ment a multi-band and ultra-thin absorber, operating within
the UHF frequency range. Two pairs of miniaturized fractal
metallic resonators have been accommodatedwithin the same
sub-wavelength MA-cell, thus achieving dual-band perfect
absorption. Full-wave simulations and an equivalent circuit
model have numerically demonstrated absorption rates of
over 99% and good angular stability, confirming the validity
of the proposed model. The sensing ability of the proposed
MA has been proved, by effectively detecting the shift in
its absorption peaks due to the change in the dielectric
constant values of the sample under test. Good sensing per-
formances in terms of sensitivity and figure of merit (FoM)
have been demonstrated. In order to prove the validity of
the proposed MA configuration, a dual-band MA panel has
been designed, fabricated and experimentally tested. Very
high absorption rates (>99%), for wide incidence angles,
have been detected in correspondence of the desired work-
ing frequencies (i.e. 878 MHz and 956 MHz), showing the
effectiveness of the proposed design concept in realizing
multi-band MA sensors. In future developments, the concept
of fractals will be further exploited to enhance the miniatur-
ization level ofMA-based sensors. Additionally, the proposed
MA absorber will be integrated with reconfigurable materials

or components, such as PIN diodes, to implement switchable
functions like absorption/polarization conversion [16], which
can increase sensing capabilities, even exploiting a random
distribution of elements, such as that adopted in the various
design schemes for statistical arrays [71], [72], [73], [74],
[75], [76], [77].
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