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Abstract A ultra-wideband microwave absorber
(UWMA) combining Frequency-Selective-Surfaces (FSS)
and dielectric layers is proposed. FSS patterns are printed
by inkjet on dielectric layers using a resistive magnetic
ink made of suspended carbon nanotubes decorated
with Fe30,4 nanoparticles. The UWMA exhibits a huge
fractional bandwidth of 140%, corresponding to reflec-
tivity lower than - 10 dB and absorption higher than
90%, observed from 7 GHz to 43 GHz, meaning a 36
GHz bandwidth, for a thickness of only 0.26 A. This per-
formance is achieved through a proper selection of FSS
surface resistance, tuned by the number of printed lay-
ers. Excellent agreement is observed between designed
and measured low reflectivity and high absorption.

Keywords microwave absorber - carbon nanotube -
magnetic nanoparticle - thin film - inkjet printing -
metamaterial

1 Introduction

In the microwave band, extensive research has been
conducted to develop metamaterial-inspired filters, po-
larizers, sensors, cloaking and electromagnetic shielding
devices, microwave absorbers and so on [1,2]. In the last
decade, metamaterial-based microwave absorbers have
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been widely studied due to their simplicity in planar de-
sign, ease of fabrication, low-cost and high-volume pro-
duction [3]. In the past, classical Salisbury screens and
similar structures were widely reported for microwave
absorption, however their narrow bandwidth and large
thickness have limited their applications [4,5]. In the re-
cent past, researchers have proposed the circuital analy-
sis approach for a Jaumann absorber where Frequency-
Selective-Surfaces (FSS) are employed instead of the
homogenous resistive sheets to facilitate the broadband
absorption at lower thicknesses [6,7]. Many articles in
literature reported as potential alternative changing the
metallic F'SS into low-conductivity or resistive printed
FSS on dielectric substrate, so that the input impedance
of the absorber can be modified not only by the ge-
ometry of the FSS but also through surface resistance
(Rs) of the printed layer [8-12]. Printed electronics pro-
vides another set of advantages compared to the con-
ventional lithography technology by facilitating low-
cost mass production, ease-of-fabrication, reduced ma-
terial waste and flexibility [13,14]. For conductive-ink
materials used to print FFSs, there are some conven-
tional metals available in the market such as silver (Ag),
gold (Au), copper (Cu) [15,16]. Ag and Au are too
expensive materials for making conductive ink devel-
opments so their use is limited, while Cu suffers from
oxidation issues. On the other hand carbonaceous ma-
terials such as carbon nanotubes (CNTs) and graphene
nanoplatelets (GNPs) possess excellent electrical and
mechanical properties [17,18], as well as thermal and
chemical stability, and high aspect ratio. Being also
cost-effective, they are perfect candidates for conduc-
tive ink material [19,21,22]. Primary requirements of
microwave absorbers are: wide operational bandwidth,
low reflectivity (< - 10 dB), low thickness, along with
ease-of-fabrication and low-cost mass-production.
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Mederos-Henry et. al. [23] reported various meth-
ods to modify the electrical properties of different car-
bonaceous materials by anchoring magnetic nanoparti-
cles such as magnetite (Fe3Oy) to fine-tune their elec-
tronic and magnetic characteristics and to be used in
metamaterial-inspired applications. In this paper, we
present experimental results of a thin ultra-wideband
microwave absorber (UWMA) based on the inkjet print-
ing of FSSs on a polycarbonate film supported on low-

alternating Milli-Q water and ethanol. Afterwards,
they were dried under vacuum, at room temperature
for 12 hours.

A simple sonication approach was employed to prepare
the ink. Specifically, 1 g of nanopowder was dispersed
in 100 g of distilled water. As the wettability of MWC-
NTs was very poor in distilled water, 1 g of Triton
X100 powder was incorporated to decrease the surface

dielectric spacers. The required optimized surface impedancéension of the distilled water and maintain the pow-

is obtained by using a water-based ink (CNT-ink) de-
veloped for inkjet printing. The CNT-ink is based on
an aqueous dispersion (1% w/w) of multiwalled car-
bon nanotubes (MWCNTS) decorated with magnetite
nanoparticles (MaNPs). Microwave shielding structures
developed through the inkjet-technology have a promis-
ing future in the production of broadband thin, flexible,
low-cost, and light-weight absorbing materials.

2 Materials and methods

2.1 Ink preparation

The synthesis of the MaNPs@MWCNTs is fully de-
scribed in [23]. In a typical procedure, 250 mg of MWC-
NTs were dispersed into a mixture composed of 67
mL ethylene glycol (EG), 33 mL polyethylene glycol
400 (PEG-400) and 33 mL Milli-Q water. The suspen-
sion was sonicated for 2 hours. Afterwards, 1.18 g of
iron (III) acetylacetonate (Fe(acac)s) were added under
magnetic stirring. Crushed NaOH pellets were added
until the solution pH value was set to 12. The mixture
was then transferred into a stainless steel autoclave ves-
sel, heated up to 220°C (approx. 50 minutes) and main-
tained at that temperature for 15 hours while stirring
at 500 rpm. In the described procedure:

— sonication was performed in a VWR ultrasound cleaner

USC 1200-THD at 80 W sonication power;

— the autoclave temperature was automatically regu-
lated by a Parr 4836 temperature controller (Parr
Instrument Company, USA) having an average heat-
ing rate of 4°C/min;

— the autoclave inner atmosphere was not purged nor
modified in any manner during the synthesis, while
the system pressure was left to build up during heat-
ing without any type of external control;

— when the heating time was completed, the autoclave
was immediately immersed in an ice bath and cooled
down to ambient temperature;

— the obtained products were separated by magnetic
decantation, filtered over a PVDF filter (Millipore
GVWP02500, 0.22 um pore size) and rinsed six times,

der in suspension. It was followed by sonication carried
out with a Bioblock Scientific Vibracell 75041 sonica-
tor during 6 minutes (10 sec ON; 10 sec OFF). Dur-
ing this treatment, the solution cup was placed in a
bath of iced water to prevent the temperature from ris-
ing and thus avoid evaporation of the aqueous solution.
After this treatment, the solution became a gel, and an-
other dispersant, 0.25 g of Disperbyk 190, was incorpo-
rated. The resulting solution was sonicated as described
above, giving a very fluid suspension. Afterwards, the
dispersion was centrifuged using a Heraeus Sepatech
2520 centrifuge to remove impurities and possible re-
maining powder aggregates which could clog the print
heads nozzles. The centrifugation cycle of 30 minutes
was performed at 2500 rpm and the supernatant was
collected. After this treatment the suspension became
very stable in time and very opaque without clarifica-
tion.

2.2 Inkjet printing process

The inkjet printing was carried out by using a Fu-
jifilm Dimatix Materials Printer (DMP-2800) equipped
with a 10 pL drop cartridge (DMC-11610). The set of
parameters of the ink droplet sequence for printing was
tailored by adjusting the ejecting waveform (voltage
and frequency of the piezoelectric crystal which con-
trols the droplets ejection). The waveform parameters
depend on the ink characteristics like surface tension
and viscosity. In addition, to ensure the uniformity of
the deposited MWCNTs film, the following parameters
were kept constant: 25 pm drop spacing for a 35 pm
drop size, while the printing area and the cartridge
were used at room temperature. The substrate used
for printing is a Polycarbonate sheet (Lexan 8B35E)
from Sabic. According to the literature[28], annealing
temperature and time have a significant influence on
the electrical behavior of the printed patterns. Thus,
these were placed in a drying oven at 85°C for 1 hour
to achieve a stable and constant surface resistance.
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2.3 Materials characterization
2.8.1 Transmission electron microscopy (TEM)

The as-synthetized MaNPs@MWCNTs nanocomposite
powder was dispersed in hexane or ethanol by soni-
cation. Three drops of the supernatant were then de-
posited onto a holey carbon film supported on a cop-
per grid (C-flat, Protochips, USA), and left to dry,
overnight, at room temperature under vacuum. TEM
images were obtained on a LEO 922 OMEGA Energy
Filter Transmission Electron Microscope operating at
120 kV.

2.8.2 X-ray powder diffraction (XRPD)

The as-synthetized MaNPs@MWCNTs nanocomposite
powder was introduced into 0.5 mm thin-walled glass
capillaries (Hilgenberg GmbH, Germany), mounted on
a goniometer head and kept at 200 mm distance from
the detector. Diffractograms were then collected at room
temperature using a MAR345 diffractometer (Mar Re-
search GmbH), a Mo-K (0.71073 ) anode and a XENOCS
focusing mirror. The obtained 2D diffractograms were
azimuthally integrated using the Fit2D software, cali-
brated with a LaB6 standard (NIST 660b Standard).

2.8.3 Thermogravimetric analysis (TGA)

A few milligrams (5-10 mg) of the CNT-ink were pre-
viously scrapped-off from the Lexan film with a clean
scalpel. The recovered powder was placed in alumina
containers and introduced in a Mettler Toledo TGA/
SDTA 851e instrument. Thermograms were recorded
up to 900 °C using a 10 °C/min heating rate under
an air flux. The samples were recovered after heating
and analyzed by XRD as described above, identifying a
hematite (Fe;O3) phase. TGA data treatment required
for the calculation of the MaNPs massic loading rate
was based on the formula weight of this particular iron
oxide phase. Corrections for residual non-carbonaceous
impurities present in MWCNTSs were also included in
these calculations.

2.4 Direct current (DC) surface resistance (R;)
characterization

Square patches printed using 3, 5, 8 and 10 layers of
MWCNTs-ink were cut into five individual bands of
equivalent dimensions. A conductive silver paste (G3790,
Agar Scientific Ltd) was deposited at regular intervals

to ensure good electrical contact with the meter probes.
Each zone delimited by two silver paste electrodes was
measured using a B2902A Agilent IV meter equipped
with two probes. Resistance R measurements were per-
formed in different points of each zone. The surface re-
sistance Rg(f2/sq.) was calculated from measured re-
sistance R as:
R 1

Rg = vl o1 (1)
where w, [ are width and length of the printed patches
and o, t are the conductivity and thickness of printed
layers, respectively.

2.5 Microwave characterization

The fabricated FSS was measured using a waveguide
method [26] in the C, X, Ku, Ka and U-band ( 5-50 GHz
total frequency range) with an Agilent PNA-X vector
network analyzer. TRL calibration was applied to mea-
sure the scattering parameters S1; and So1, which were
used to evaluate the reflectivity and absorption perfor-
mances of the absorber. The measurement configura-
tion is illustrated in Figure 1. The FSS absorber was
sandwiched between waveguide ports connected to the
vector network analyzer via coaxial cables. TRL cali-
bration moves the reference planes for the characteri-
zation at input and output interfaces of the absorber.

Vector Network
¢ Analyzer )

PORT 2

Fig. 1 Measurement configuration showing the Material Un-
der Test, i.e. the F'SS absorber, inserted between rectangular
waveguide ports.
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3 Results and discussion

3.1 Physico-chemical Characterization of the MaNPs
@MWCNTSs nanocomposite and ink

Figure 2 shows the TEM image of the as-obtained
MaNPs @ MWCNT's nanocomposite powders while Fig-
ure 3 presents its X-Ray diffraction pattern. As it can be
observed there, the recorded diffraction peaks are dis-
tinctive of magnetite (Fe3Oy). Other closely associated
magnetic phases such as maghemite (y-FexOs3), whose
characteristic diffraction peaks are located between 260
values of 6° and 12°, are not detected. As for the reflec-
tion observed around 26 = 12°, it has been attributed
to the ordered arrangement of the MWCNTs concen-
tric cylinders of graphitic carbon [34]. The SQUID char-
acterization data of similarly prepared Fe,O,/C pow-
ders has been reported elsewhere [23]. A magnetiza-
tion saturation value of 60 emu/g was found, also re-
ported in [29]. The thermogravimetric analysis (TGA)
of the CNT-ink allowed determining that the disper-
sants, MWCNTs and MaNPs account for 53%, 25% and
22% of its mass, respectively.

Fig. 2 TEM image of the MaNPs@MWCNT's nanocompos-
ite.

3.2 Electrical characterization of the
MaNPs@MWCNTSs ink

Figure 4 presents the measured surface resistance, Ry,
of 3, 5, 8 and 10 thermally-annealed layers printed on a
polycarbonate sheet using the MaNPs@QMWCNTs ink.
As it can be seen, the measured surface resistance Rg
shows an exponential decrease as the number of printed
layers increases from 3 to 10. These results show that as
the number of printed layers increases, so does the num-
ber of conductive paths available for electron transport

—— MaNP@MWCNTs
I Maghemite
I Magnetite

Relative intensity (A.U.)

| | 1| 1 Il | Il (- 11 1l
T T T 1

8 12 16 20 24 28 32
2-theta (°)

Fig. 3 XRD measurement of the MaNPs@QMWCNTSs
nanocomposite. Blue: expected peaks for a maghemite phase,
red: expected peaks for a magnetite phase

through the MWCNT network within the CNT ink, re-
sulting in improved conductivity. Since MWCNTs have
a flexible tubular shape, they can form an entangled
interconnected network to support current transport.
Due to practical limitations, a number of prints larger
than 10 was not considered. Nonetheless, this number
of layers was proven to be efficient for our intended ap-
plication.

It is worth noticing that an interferometric profile of 5
CNT-ink layers was carried out to estimate the thick-
ness of the CNT's film, which was found to be less than
50 pm.

I ® Measured R for Fé30 4@CN"II“-Ink
;‘: 1000+ — —Exponential fit T
e} \
=" 800- ' ;
3 \
8 N .
.2 600+ .
8 \
g Y
& 400 =% .
=3 ~
©n S~

[ J
200 T T T T T T T
2 4 6 8 10

Number of Fe,0,@CNT-ink Printed layer

Fig. 4 Measured Surface resistance Rs for magnetic
(Fe304)-CNT ink printed layers.
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3.3 Microwave absorber
3.3.1 Design

In order to design a broadband absorber, various types
of structures (e.g. cross-dipole, mesh-grid, Jerusalem-
cross, square-ring, etc) were simulated using CST Mi-
crowave Studio, having different R, values obtained
from the results presented in Figure 4. The correspond-
ing multilayers were analyzed for minimum reflectivity.
Figure 5 represents the schematic structure of the cho-
sen ultra-wideband microwave absorber (UWMA) and
the unit cell simulated using the same software. Resis-
tive FSSs having surface resistance of Rg1 = 600 {2/sq
(top) and Rge = 270 2/sq (bottom) laminated be-
tween two 125 pm thin polycarbonate (PC) films were
first simulated alone for determining their resonant fre-
quencies responsible for zero reflection. Then these two
laminates were sandwiched between three low-dielectric
substrate spacers (Rogers 5880, ¢ = 2.2) having thick-
nesses (d1, da, d3) and backed by a copper ground plane.
The top designed FSS, having surface resistance Rg1,
is a mesh-grid enclosing Jerusalem-cross (JC) while the
bottom FSS (Rg2) consists of a mesh-grid enclosing a
square-ring and a cross-dipole. These FSSs have been
widely studied and are well known for their design flex-
ibility and simplicity in fabrication, while their elec-
tromagnetic behavior can be varied to achieve the low
reflection required frequencies. The whole structure was
then simulated using the same software and optimized
to achieve -10 dB reflectivity in a large frequency band-
width between 5-50 GHz.

The absorption mechanism is the combination of
two phenomena. The basic structure is a Salisbury screen
configuration, i.e. a dielectric substrate backed by a
metallic plane and covered with a resistive film. At a
specific frequency (i.e. when the corresponding wave-
length is 4 times the thickness of the slab), the wave
is able to enter the Salisbury structure without reflec-
tion, is trapped between the resistive sheet and the back
plane where it is reflected, and undergoes attenuation
due to the resistivity of the film. The presence of the
backing plane allows to maximize the absorption by
reflecting back the fraction of signal that was not ab-
sorbed when travelling through the two FF'S layers, that
becomes absorbed again when reflecting through the
FSS. The shape, size and number of the FFS patterns
are designed using CST simulation to modify the input
impedance of the device, i.e. to achieve several zeros of
reflection in the desired frequency range, favoring the
penetration of the wave in the absorber, and then its
absorption in a wide frequency range owing to the num-
ber of zero reflections. The design takes into account

Fe;0,@CNT-ink
Printed FSS

RSZ

P
I E— I:C_‘Sheet

Metallic ground

(b)

Rg;=600 Qs

Copper
Ground

Fig. 5 Schematic structure of MaNPs@MWCNTSs ink-based
wideband absorber. a) Schematic structure of Ultra-wideband
microwave absorber (UWMA), b) Resistive FSS for top and
bottom CNT-inked layer of unit cell, ¢) Perspective view of
constituent layers in the structure. Dimensions in the struc-
ture are: a;= ay= 9.0, d; = 0.25, d2 = 1.5, d3 = 0.75, wi=
9, wo = 6.43, wg = 2.3, 11 = 9, Ia= 6.93, 13 = 3.0. Units are
in mm.

the predefined thickness of the selected Lexan dielec-
tric spacers. These films were chosen for their reduced
thickness (i.e. for better compacity) and low dielectric
constant in order to minimize reflection of the incoming
wave at the interface with air. Rogers dielectric sub-
strates were selected following same requirements to
maintain the printed Lexan films sandwiched and rigid.
The wave incoming normal to the F'SS surface interacts
with the lossy patterns, being absorbed by them. The
design method is detailed in [5]. The simulated absorp-
tion is illustrated in Figure 6, which shows the distri-
bution of the field across the section of the absorber
geometry at the two ends of the frequency band, i.e. at
9 and 40 GHz. As expected, the field is almost equal to
zero after passing through the FSS structures.
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Fig. 6 CST simulation of electric field distribution in the
structure depicted in Figure 5. Top : at 9 GHz, bottom: at
40 GHz. The wave is coming from the left and propagates
towards the negative z-direction.

3.3.2 Fxperiments

For the experimental measurements, a sample of 100
x 100 mm was printed on a polycarbonate film as shown
in Fig. 7 using the printing conditions described in sec-
tion 2.2. It was then sandwiched between the Rogers
5880 dielectric spacers to fabricate the UWMA. Its scat-
tering parameters S1; and S;; were measured as de-
scribed in section 2.5.

Figure 8 and 9 present the reflectivity R and asso-
ciated absorption A in the 5-50 GHz frequency range
of the MaNPs@MWCNTSs ink-based UWMA having a
conducting backing plane. Reflectivity and absorption
are obtained from the S-parameters as:

R=|5 — S’ | (2)
1+ So9

A=1-R? (3)

Measured and simulated results are in good agreement
showing - 10 dB reflectivity and 90% absorption in the

Fig. 7 Photograph of MaNPs@MWCNTs ink printed FSS
on polycarbonate film for (left) Top FSS and (right) Bottom
FSS (Inset: zoom on unit cell portion).

7-43 GHz band, meaning a 36 GHz bandwidth for an
absorber thickness of 3 mm which corresponds to 0.26
. The obtained fractional bandwidth is huge: 140 % as
demonstrated in Figure 9.

0 T T T T
- Fe,0,@CNT-Ink printed resistive
5 3 FSS based Absorber
~-10 \j"\
S
~ _15. /
2
N
-20- i
-254 —0— Measurement .
= =Simulation
10 20 30 40 50
Frequency(GHz)
Fig. 8 Measured and simulated reflectivity R for
the UWMA absorber based on FSSs printed using

MaNPs@MWCNTSs ink.

It is worth noticing that the jumps observed in the
measured curves in Figures 8 and 9 are due to the
measurement method used for reflection and absorp-
tion. The S-parameters are measured using a waveg-
uide method described in section 2.5. In order to cover
the whole bandwidth several waveguides of decreasing
sections have to be used, corresponding to C, X, Ku,
K, Ka, and U frequency band, respectively. Each jump
corresponds to a change of band, hence of waveguide
size.

3.3.8 Discussion

To conclude we compare our UWMA absorber with
other structures recently published in the scientific lit-
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Fig. 9 Measured absorption A for the UWMA absorber
based on MaNPs@MWCNTSs ink-printed resistive FSSs. A
> 90% in a > 36 GHz bandwidth.

erature. Their microwave absorbing performances are
reported in Table 1.

In [29], hollow particles of Fe3Oy4 are combined with
carbon nanotubes and dispersed into paraffin to mea-
sure the permittivity and magnetic permeability of the
composite. The measured values are used to simulate
the reflection loss (RL) of the composite using a Sal-
isbury configuration in which the slab, having the pa-
rameters of the loaded paraffin, is backed by a metallic
reflecting ground plane. Two thicknesses are considered:
1.5 mm and 2.0 mm. For 2 mm, the reflectivity R re-
sulting from this Salisbury-type configuration is < -10
dB over a bandwidth not exceeding 4 GHz, from 12 to
16 GHz, while our structure achieves the same reflec-
tivity from 7 to 40 GHz, for a thickness of 3.5 mm.
While our thickness is higher, the huge bandwidth in-
duces a Figure of Merit (FoM) superior to other works
reported, as shown in Table 1. However no experimental
validation of RL is provided in [29]. Magnetic hysteresis
loops reported revealed saturation magnetization values
ranging from 60 to 72 emu/g.

In [30] grapes of Fe3O4 nanoparticles are combined
with carbon nanotubes and their measured permittiv-
ity and permeability are again used for simulating a
Salisbury configuration. A reflectivity R < - 10 dB is
observed between 7.5 and 11 GHz only, and for a thick-
ness of 3.2 mm. Those performances are inferior to those
of our work (see Table 1), as well as the reported satu-
ration magnetization equal to roughly 50 emu/g.

In [31] a CNTQTiO, sponge is dispersed into paraf-
fin, in order to measure the permittivity and permeabil-
ity. Then, the reflectivity is simulated for a Salisbury
configuration using various thicknesses. RL < - 10 dB
is observed at low frequency over only 1.7 GHz band-

width, from 6 to 7.7 GHz, for a 2 mm thickness. Such
results are less performant than our work, as shown by
the respective FoM in Table 1.

The work in [32] differs from our work in several
ways. Firstly, the geometry and fabrication of the unit
cell is 3D-machined and thus more complicated, com-
pared to the 2-D fully planar and thin ink-printed FSS
structure in our work. Secondly, absorption occurs in
the bulky epoxy resin loaded with Fe particles, while
in our work the absorption is induced by the thin FFS
printed patterns. Also, even if the presented RL con-
cept is fully equivalent to our definition of reflectivity
R (3), it is narrowband ( RL < -10 dB from 8 to 28
GHz), and its center frequency is highly dependent on
the thickness of the absorber. In our work, the reflec-
tivity R shows a wider bandwidth (R < -10 dB from 7
to 38 GHz), which is primary fixed by the FSSs topolo-
gies. Finally, the thickness of the absorber is 5.5 mm
in [32], while our absorber is thinner, i.e. 3.5 mm, and
induces again a higher FoM, as shown in Table 1.

The work in [33] presents a 3D geometry similar to
[32], involving a 4-layer configuration. Its performance
is similar to our work : both achieve RL lower than 10
dB from 8.5 to 40 GHz. However its thickness is 5 mm,
thus higher than the value of our absorber, so that its
FoM is again lower.

The data labeled CNT-ink correspond to an ab-
sorber having same FSS geometries as the present pa-
per, but printed using a ink containing only CNT.

Ref. fo BW FBW d FoM
(GHz) || (GHz) (%) (mm)

[29] 13.9 4.2 30.2 2.0 389

[30] 9.00 3.5 38.9 3.2 503

[31] 6.85 17 24.3 3.0 414

[32] 19.0 20 105.3 5.5 638

[33] 24.3 31.5 130 5.0 917
CNT-ink 24.5 34 138 5.1 1078
present work 25.3 36 142 3.5 1671

Table 1 Performances of composite absorbers from litera-
ture, compared to our work. f, is the center frequency, BW
is the bandwidth of absorption, FBW is the fractional band-
width defined as FBW = BW / {,, and FoM is the Figure
of Merit defined as FoM = FBW / d, and d is the global
thickness of the absorber.

Two main conclusions can be drawn. Firstly, FFS-
ink strucures outperform the other devices in term of
FoM, resulting from both higher bandwidth and re-
duced thickness, since absorption occurs only at thin
FFS interfaces rather than into bulky layers. As ex-
plained before in Section 3.3.1, the shape and number
of FSS enable to tailor the low reflection bandwidth
and resulting absorption, at fixed thin dielectric layers
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thickness. Secondly, the addition of magnetic particles
enables to modify the impedance condition at the FSS
interfaces, so that resonances responsible for absorp-
tion can occur at lower thicknesses. As a consequence
the overall thickness of the absorber can be significantly
reduced, resulting into an optimal FoM value.

4 Conclusion

As a conclusion, the proposed MaNPs@QMWCNTSs
ink-based UWMA combines compacity and ultra-wide
band absorption through a proper choice of surface re-
sistances, controlled by the number of printed layers.
Also, the presence of magnetic inclusions increases the
input impedance of UWMA that becomes closer to air
impedance. This explains the observed low reflectivity
over such a wide band. We have opened a new avenue
for absorbers based on FSSs printed with magnetic-
CNT ink, that can be exploited for tunability effects
under magnetic field or current control.
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