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Abstract

A microwave absorber combining frequency-selective surfaces (FSSs) and
dielectric layers is presented. FSSs are printed on dielectric layers using a
resistive ink made of a suspension of carbon nanotubes. The absorber exhibits
a fractional bandwidth of 137%, corresponding to reflectivity lower than — 15
dB and absorption higher than 90% from 7.30 till 41.95 GHz, meaning a 34
GHz bandwidth, for a thickness of only 0.13 ). This performance is obtained
by tuning the number of printed layers, which fixes FSS resistivities, hence the
absorption bandwidth. An electrical equivalent circuit is proposed to explain
the absorption mechanism. Excellent agreement is observed between the
designed and measured low reflectivity and high absorption. The absorber
stands out in term of bandwidth and compacity as compared to the state of the

art.
AQ1

1. Introduction

Carbon-based nanostructures such as carbon nanotubes and graphene have been
widely used for applications in electronics, in particular related to (bio)sensors
[1,2,3,4,5, 6, 7], fuel cell electrodes, memristors [8] and supercapacitors [9,
10, 11] as well as mechanical reinforcers [12]. In all these applications, the
interactions between carbon structures and signals are exploited to create novel
devices displaying enhanced performances. Another kind of interaction has been
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recently exploited to counteract detrimental effects of electromagnetic waves.
Indeed, extensive use of wireless electronics and telecommunication devices in
our daily life is causing increasing electromagnetic (EM) pollution and
undesirable radiative effects on electronic equipment as well as, potentially, on
human health.

Engineered EM metamaterial structures have attracted a tremendous research
interest for both commercial and defense applications owing to their peculiar
electromagnetic properties such as negative refractive index, near-zero
permittivity and permeability and sub-wavelength imaging. In the microwave
band, extensive research has been conducted to develop metamaterial inspired
filters, polarizers, sensors, cloaking devices, shielding devices, microwave
absorbers and so on [13, 14]. In the last decade, metamaterial-based microwave
absorbers have been widely researched due to their simplicity in planar design,
ease of fabrication, low-cost and high-volume production [15, 16].

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 application [17, 18]. Jaumann absorbers were
developed using a number of homogenous resistive sheets on dielectric layers
that are stacked together to achieve broadband operation at the cost of high
thickness [19, 20]. In the recent past, researchers have proposed the circuital
analysis approach for Jaumann absorber where frequency-selective surface (FSS)
is employed instead of the homogenous resistive sheets to facilitate the
broadband absorption at lowered thicknesses [21, 22]. FSS can be designed to
achieve filtering effects such as low-pass, band-stop, and narrow peak filters
through the controlled variation in surface admittance via geometric parameters
of FSS. Thin FSS-based absorbers loaded with lumped elements to achieve
improved absorption bandwidth were also reported [23, 24]. Metallic FSS makes
the structure more complex to manufacture and costly. An excellent alternative to
this approach consists in printing the FSS using resistive ink with proper surface

resistance and using some design guidelines to develop the microwave absorber
[25, 26, 27].

On other hand, Rozanov [28] proposed the ultimate theoretical limit for the
absorber thickness, which can be physically realized for the absorber’s operating
in a specific frequency band. The Rozanov’s theory is applicable on
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homogeneous multilayers only, but it is still a convincing landmark to assess the
efficiency of 3D-patterned multilayers [28]. Generally, absorption of
electromagnetic waves is understood through lowered reflection at input of
composite and/or dissipation of electromagnetic energy inside the composite
medium [15, 16]. As reported in [29, 30, 31, 32, 33], an efficient way to do that
consists of including magnetic particles combined with conductive fillers in the
structure of an absorber in order to favor absorption while lowering reflection at
its input.

Low conductivity or resistively printed FSS on dielectric substrate also enables
to modify and reduce the input impedance of the absorber not only by the
geometry of FSS but also through surface resistance (Ry) of the printed layer
[34, 35, 36, 37]. Printed electronics provides another set of advantages compared
to the conventional lithography technology by facilitating low-cost high
production, ease of fabrication, reduced material waste and flexibility [38, 39].
For conductive ink material used to print FSSs, conventional metals are available
on the market such as silver (Ag), gold (Au) and copper (Cu) [40, 41]. Silver and
gold are too expensive for making conductive ink, and on other hand, copper
suffers from oxidation issues. An alternative uses carbonaceous material such as
carbon nanotubes (CNTs) and graphene nanoplatelets (GNPs) which possess
excellent electrical and mechanical properties [42, 43], thermal and chemical
stability, high aspect ratio, and are cost-effective. Thus, they are perfect
candidates as conductive material to be utilized for an ink material [44, 45, 46].
Primary requirements of these microwave absorbers are manifold: wide
operational bandwidth, lowered reflectivity (< — 10\,dB), lower absorber

thickness, along with ease of fabrication and low-cost fast production.

In this paper, we present a thin ultra-wideband microwave absorber (UWMA)
based on inkjet-printed frequency-selective surfaces (FSSs) on polycarbonate
films supported on low-dielectric spacers. The required optimized surface
impedance is achieved through homemade carbon nanotube (1 wt%) water-based
ink (CNT-ink) developed for inkjet printing. An equivalent circuit is proposed to
explain the operation of the UWMA and assist in its design. The proposed
microwave absorber achieved excellent agreement between measured and
simulated results showing — 15 dB reflectivity over a 34 GHz bandwidth,

between 7 and 41 GHz, which corresponds to a huge 137% fractional absorption
bandwidth (FBW) for an absorber thickness of only 5.1 mm. These performances
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are successfully compared with the state of the art and the Rozanov limit. The
stability of the UWMA operation with respect to incidence of signal was also
verified.

2. Materials and methods

2.1. Carbon nanotubes ink : preparation and printing

Materials considered are Multiwall carbon nanotubes (MWCNT, Nanocyl 7000
from Nanocyl SA) and dispersants Triton X100 and TEGO®Dispers 765 W. A
simple sonication approach was employed to prepare the ink. Triton X100 was
firstly incorporated in distilled water containing MWCNT to decrease the surface
tension of the distilled water and maintain MWCNT in suspension. Next,
sonication was carried out with Bioblock Scientific Vibracell 75041 during 6 min
(10 s ON; 10 s OFF). After this, the solution became a gel, and another
dispersant, Dispers 765 W, was incorporated in order to ensure a very fluid
suspension. Finally, the MWCNT suspension was centrifuged using Heraeus
Sepatech 2520 to remove some impurities or possible remaining MWCNT
aggregates which could clog nozzles of the print heads. The resulting suspension
became very stable in time and very opaque without clarification. The main
characteristics of the elaborated MWCNT’s ink are viscosity, surface tension and
density, which are listed in Table 1. These values were selected in order to ensure
an uniform printing of the layers and avoid clogging of inkjet cartridge nozzles.

Table 1
Parameters of prepared MWCNT ink

Parameter Unit Value
Viscosity @ 25°C mPa s 5-6
Surface tension mN/m 30
Density g/cm? ~ 1

The inkjet printing was carried out by using Fujifilm Dimatix Materials Printer
(DMP-2800) equipped with a 10-pL drop cartridge (DMC-11610). Parameters for
printing were tailored by adjusting jetting voltage, frequency, viscosity
waveform, drop spacing (25 pum) for a drop size (35 um). The substrate and the
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cartridge were used at room temperature. The substrate used for printing is a
polycarbonate (PC) sheet (Lexan 8B35E) from Sabic.

2.2. Surface resistance measurement of deposited ink layers

A profile of five CNT-ink-printed layers on a PC sheet was carried out with an
interferometer to estimate the thickness of the CNT’s film which is less than

50 um. Figure 1a shows a sample of the CNT-ink (1 wt%) printed patches, and
Fig. 1b shows scanning electron microscopy (SEM) images of the scratched
printed surface, revealing the evenly distributed and entangled carbon nanotube
fillers inside the inked layer. A similar SEM image was obtained for ten printed
layers, revealing a similar uniform and smooth surface, but it is not shown here
for sake of brevity. Inkjet-printed samples were analyzed without further
preparation in a FEGSEM Ultra55 instrument (Carl Zeiss). Images were acquired
with the SmartSEM software (Carl Zeiss, Germany) at different acceleration
voltages ranging between 3 keV and 15 keV, using InLens and SE2 detectors.

Fig. 1

a Five-layer printed pattern of CNT-ink (I wt%) on polycarbonate sheet, b SEM
image of scratched printed CNT-ink showing carbon nanotube nanofiller

6 of 35 17/12/2019, 23:01



e.Proofing https://eproofing.springer.com/journals_v2/printpage.php?token=HaxkC...

(a)

Scratched printed-skin

Carbon Manotube

(b)

As shown in Fig. 1a, different strip lengths of CNT-ink patterns (1 wt%) were
printed on polycarbonate Lexan sheets, having 10, 8, 5, 3, 2 printed layers for the
surface resistance measurement. According to [47], each printed layer was
annealed in a drying oven at 85 °C for 1 h to achieve a uniform surface
resistance. For the measurement, silver paste was applied at the end of each
printed patch as probe contact and the measurement was conducted on several
samples for averaging the surface resistance R (€2/sq. ), calculated from

measured resistance R as :
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where w, [ are width and length of the printed patches and ¢, t are the
conductivity and total thickness of printed CNT film, respectively. Figure 2
shows that despite the reduced number of data points, the measured surface
resistance R follows well a 1 / n trend, where n is the number of printed layers,
in accordance with theoretical equation (1) since the thickness ¢ is proportional to
n. As n increases, the number of conductive paths available for electron transport
through the thin CNT film increases as well, resulting in improved conductivity
and lowered resistivity.

Fig. 2

Measured surface resistance R, versus number n of printed layers
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2.3. Microwave characterization

The UWMA was characterized in the 5-50 GHz frequency range using a
waveguide method detailed in [48, 49] with an Agilent PNA-X vector network
analyzer (VNA). The absorber was sandwiched between waveguide flange ports
connected to the VNA via coaxial cables in order to measure the scattering
parameters S;; and S,;, which were used to evaluate the reflectivity and
absorption performances of the absorber, respectively. S,; represents the
transmission of the signal from the input to the output of the structure under
scope, while S;; corresponds to the reflection of the signal at input of the

structure.
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3. Results and discussion

3.1. Topology of FSS absorber

Figure 3 presents the schematic structure of the proposed ultra-wideband
microwave absorber (UWMA) and its unit cell simulated using CST Microwave
Studio software. Resistive FSSs were laminated between two 125 um thin

polycarbonate (PC) films. Then, these two laminates were sandwiched between
three low-dielectric substrate spacers (Rogers 5880, ¢ = 2.2) having thicknesses
(dy, dy, d3) and finally backed by a copper ground plane. The top designed FSS,
having surface resistance Rg;, is a mesh-grid enclosing Jerusalem cross (JC),
while the bottom FSS (Rg,) consists in a mesh-grid enclosing a square-ring and

a cross-dipole. These FSSs were first simulated alone for determining their
resonant frequencies responsible for zero reflection. Resulting values selected
from Fig. 2 have surface resistance Rgq; = 160 () / sq (top) and Rgy = 80 Q / sq
(bottom). The whole structure was then simulated using the same software to
achieve a reflectivity lower than — 15 dB in a large frequency range between 5
and 50 GHz.

Fig. 3
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 structure are: q, = ay, = 9.0,
dl = 2.0, d2 = 1.5, d3 = 1.0, w1 — 9, Wwo — 6.43, wsg — 2.3, ll =9, l2 =6.93,
I3 = 3.0. Units are in mm. The thickness of the various layers is not shown in scale

in scheme a to ensure better visibility
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3.2. Equivalent circuit

The equivalent circuit model proposed for the UWMA is shown in Fig. 4. Figure
4b represents the circuital contribution of individual layers to the equivalent
circuit diagram of the UWMA as shown in Fig. 4a.

Fig. 4

a Schematic layer representation of UWMA, where yellow represent Rogers
spacers and grayscale PC layers. (Thicknesses of layers are not shown in scale for
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sake of visibility.) b Equivalent circuit of FSS1 and FSS2, each sandwiched
between two polycarbonate (PC) layers
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In the equivalent circuit model, the top and bottom FSS are made of series and
parallel combination of inductor L, capacitor C and resistor R elements; their
values are extracted in MATLAB. Free-space standing FSS is simulated for top
(Zpgsy ) and bottom (Zpggs) Without polycarbonate film cover; then, its

impedance is extracted from simulated S parameters as [26]
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Zo(1+ S11) 2
2511

ZFss =

where 7, = 377 Q is the free-space impedance. The equivalent circuit model is
simulated later in CST (Circuit Design Studio) as well as the reflection
coefficient obtained according to the transmission-line approach. It is then
compared with the simulated reflectivity in CST Microwave Studio as shown in
Figs. 5 and 6. The transfer matrix model approach used for the modeling is as
follows [25, 35]. The total transfer matrix of the multilayered structure of Fig. 4a
can be expressed as the product matrix of the transfer matrices associated with
each layer of the structure:
j— [ — — — [ — — — p— 3
Tiot = [CD] =T1T pcTrss1T pcT 2T pcTrsseT peT's
The chain matrix 1_72. of layer i expresses as, for Rogers layers 1, 2, 3, and for PC

layers

B [ cosh(v;d;) Zeisinh(y;d;) 4
v 1/Zcisinh(’yidi) COSh(’)/idi)

with v; = 527 f,/e.; /c, the propagation constant in layer i, Z,; = 377Q0/,/e¢;
its characteristic impedance associated with propagation, where ¢, is the

permittivity of layer i and d; its thickness according to Table 2.

Table 2
Nomenclature, composition and electromagnetic parameters of the five layers forming the
UWMA

Layer Composition € Thickness (mm)

1 Rogers 5880 2.2 0.25

2 Lexan 8B35E (PC) 2.9 2 x0.125

3 Rogers 5880 2.2 1.5

4 Lexan 8B35E (PC) 2.9 2 x0.125

5 Rogers 5880 2.2 1.0
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The transfer matrix of the two FSSs has the expression:

— 1 0 5
Trgs = [ ]
1/Zpss; 1

where Zpgg; 1s the impedance for the top (FSS1) and bottom (FSS2) sheets given
by (2) which expresses as:

— for top FSS1
Zrss1 =T +Th + T3 6a
T = 1/3wC 6b
1 6¢c
Ty = qwlq +
2 = Jwha 1/R1 + JwCs
1

T35 = Ry + 6d

1/(gwls +1/(3wCs)) + 1/ (gwLs + 1/(3wCy))

— for bottom FSS2
Zpsse = B1 + By + B3 + By 7a
B; =1/3wCs
1 7b
Bs = qwlL,4 +
2 = Wi 1/R3 ~+ jwC’
Bs = Ry + yjwLs 4+ 1/(3wCr) Tc
1 7d

By = R; + 1/(jwCs) +

1/(]wL6) -I-Jng
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Table 3

Values for the elements of the equivalent circuit in Fig. 4b

Zyssi Zyss:

L; = 30.177nH Ly =2.492nH
Ly = 5.2361 nH Ly = 22.8267nH
L3 = 2.5886 nH L¢ =1.272nH
C, = 2.3972fF C5; = 20.8611 fF
Cy = 2.6108 fF Cs = 21.9840 fF
C3 = 1.5562fF C7; =0.7225 fF
Cy = 14.8281 fF Cs = 1.2023 fF

Cy = 10.3632 pFR

R; = 560012 R3; = 68012
Ry = 36002 Ry = 28042
Rs; = 13092

Lumped element data provided in Table 3 for FSS1 and FSS2 are determined
from the MATLAB fitting algorithm. It fits the impedance of the sandwich
PC/FSSi/PC structure obtained from the simulation of their S parameters using
(2) with the impedance of the equivalent circuit of Fig. 4.

3.3. Design constraints
We consider the design constraints as follows:

1. The impedance of the FSS can be represented as the combination of an LC
circuit and resistors as given by (4) and (5). The surface current generated
due to incident EM wave flows through the resistive imperfect conductor
formed by the ink-printed FSS, minimizes the scattered energy and
contributes to total losses in the composite. Hence, the wideband absorber
can be realized through a proper choice of the surface resistance and FSS
shapes geometry [27]. The surface resistance (Rg) can be tuned to obtain

narrowband to wideband absorption;

15 of 35 17/12/2019, 23:01



e.Proofing

16 of 35

https://eproofing.springer.com/journals_v2/printpage.php?token=HaxkC...

2. A low permittivity value for Rogers spacers and PC Lexan films is preferred
since a higher permittivity reflects the incident EM wave, preventing
absorption [24];

3. Minimal reflection must be < — 15 dB, or absorption is > 90% in the

whole frequency range;

4. Minimal number of layers in the multilayer absorber in order to minimize
thickness and ensure compactness;

5. The magnitude of reflection coefficient (I") can be expressed as [34, 35]:

Zi _Zo
r-| 22
Zin + Zo

where Z;, is the input impedance as shown in Fig. 4a. The absorption from

a metal-backed absorber can be estimated as
A=1—|I) 9

To achieve an excellent absorption level, it is important that the imaginary
part of input impedance Z;, goes to zero and its real part should matched

the free-space impedance, i.e., R(Zy,) =7, and J(Zy) =0
The input impedance can be easily related to the elements of the global transfer

matrix T"tot [50] :

 AZ,+B-CZ} - DZ? 10
" AZ,+ B+ CZ2+ DZ2

in

3.4. Simulations

The equivalent circuit model (3—10) is simulated according to the transmission-
line approach, and the resulting reflectivity (8) is then compared with the
simulated reflectivity in CST Microwave Studio as shown in Fig. 5. An
excellent agreement is observed which validates the equivalent circuit model.
The obtained reflectivity is below - 15 dB over most part of the frequency range,
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in accordance with the design constraint n°3. Therefore, the equivalent circuit
can be used to predict the absorption using (8) and (9), as shown in Fig. 6a.

Fig. 5

Reflectivity " of the UWMA calculated using CST Microwave Studio and transfer

matrix multiplication model(3)

0 | ; . . : :
With-Ground plane

Simulation /

\ == = == Circuit-Matrix

10 20 30 40
Frequency(GHz

Fig. 6

a Absorption and reflection performance b Definition of layers and interfaces for
the analysis of resonances in the multilayer
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As next step, Fig. 7a shows that three reflection resonances f;, fo, f3 occur in the

frequency band 5-50 GHz range and calculated absorption is around 90%
between 7.30 and 41.95 GHz corresponding to an absorption bandwidth of ~ 34

GHz and a fractional bandwidth of ~ 137% as shown in Fig. 6a. To understand
the origin of the three resonances at f,, f,, f3, we examined the input

impedances at interfaces Z;,; and Z;,, as shown in Fig. 6b.

Fig. 7
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AQ2
In a classical Salisbury screen, the resonance occurs when the inductive
impedance of the grounded dielectric substrate and the capacitive impedance of
the resistive screen have same magnitude and opposite sign. The imaginary part
of the input impedances cancels each other or goes to zero, and real part
contributes to the losses. Since both reactances vary with the frequency, the
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compensation happens at only one resonant frequency at which the value of both
reactances is equal and opposite. Applying this concept to the multiresonant
structures, we can write the resonance condition for the peaks in the proposed
UWMA as the fact that three resonances occur when the imaginary part of the
input impedances J(Z,,) or the reactance of the input impedances exactly

cancels each other [51], i.e.,
J(Zin) + 3(Zin es) =0 11

where Z;, represents the input impedance at air—absorber interface, while Z; ¢

shows the effective input impedance at the top FSS and can be seen intuitively as
Zin off = Zin1 + Zino Which represents the total input impedance (Fig. 6b). The

resonance frequencies are shown related to these impedances in Fig. 7a, b.
Hence, from the above equation, two conditions which lead to the three
resonance peaks can be written as:

(1) I(Zw) = —3(Zin etr) # 0 12a

(2) 3(Zin) =0 T(Zinetr) =0 12b

Condition (1) shows that the reactance parts of the input impedance, which may
be either inductive or capacitive, cancel each other since they have same
magnitude with opposite sign.

Condition (2) shows that the value of imaginary part of the input impedances
approaches to zero [51].

In Fig. 7a, b, it can be observed that the input impedances satisfy well the two
conditions at three resonance peaks f;, f, f3 and high resistance real part

contributes to suppression of EM wave. From Fig. 7, following observations are
in line with the two conditions (12) for resonances:

1) At first resonance f;: points A,  and A;_ represent the reactance part of
input impedances Z,, and Z; . which can be either inductive or
capacitive, having the magnitudes A, = 26.15 Q and 4, = —26.80 0

respectively, which satisfies the condition (12a) as A;, and A;_ cancel
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each other resulting in a reflection deep at f; as shown in Fig. 7b.

2) At second resonance f,: point Cys, the condition (12b) applies well where
the reactance of input impedances approaches to zero, i.e., J(Zy,) ~ 0.5 Q
and J(Zy, o) ~ 0.1 § resulting in reflection deep at f, = 26.75 GHz.

3) At third resonance f3: points B, and B,_ satisfy the condition (12a),
where the magnitude of the reactances is B,, = 21.22 ) and
B, = —21.60 , and hence cancel each other as By, ~ —B,y , and as a

result the reflection deep appears at f, 26.75 GHz.

From Fig. 7a, it is pointed out that at every frequency point, only the significant
magnitude of the real part of the impedances contributes to the absorption losses
when the resonance condition is satisfied and this multiresonant nature allows to
achieve the ultra-wideband absorption performance.

Since these three frequency peaks represent the multiresonant nature of the
absorbing structure and contribute to improving the absorption bandwidth,
cascading more resonant FSS structures may increase further the performance of
the structure [25, 35]. Indeed, FFSs can be added in the equivalent circuit, having
parameters extracted from their CST-simulated S parameters, in order to tailor
the number and positions of the resonant frequencies and finally adjust the
bandwidth.

3.5. Experimental validation

A sheet of 100 x 100mm? was printed on PC films (Fig. 8a, b) using the method

described in Sect. 2.1 and was then sandwiched between the Rogers 5880
dielectric spacers to fabricate the absorber (Fig. 3). The scattering parameters S,;

and S,; of the UWMA were measured as illustrated in Fig. 9d using the

waveguide method described in Sect. 2.3, with and without ground plane.

Fig. 8

Photograph of carbon nanotube ink (1 wt%)-printed FSS on polycarbonate film for
left: top FSS and right: bottom FSS (inset: enlargement of unit cell portion)
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Figure 9a shows measured and simulated reflection coefficient S;; for UWMA
absorber with ground plane (8), Fig. 9b, ¢ shows reflection S;; and transmission
So; for UWMA composite without ground plane [configuration shown in inset of
(c)], while Fig. 9d is a representative illustration of the waveguide measurement

setup. An excellent agreement is observed between measured and simulation
results. It is observed in Fig. 9a that measured and simulated reflectivity S;; is

about — 15 dB between 7.85 and 41.85 GHz, corresponding to ultra-wide band
absorption. In addition, Fig. 9c shows the measured transmission coefficient Sy,

of UWMA composite without ground plane. Again a good agreement is found
with simulation results, which confirms the validity of our approach.

Fig. 9

Comparison between simulation and measurement of UWMA based on CNT-
resistive ink a reflection coefficient S§;; with ground plane, b S;; without ground

plane, ¢ transmission coefficient S,; without ground plane (see configuration in
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inset), d representative illustration of waveguide measurement setup
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The discrepancies in measured data as compared to simulation can be attributed
to instrumental mismatch, handling and other experimental factors accounting for
standard operating procedures. In particular, the discontinuities between curves
observed at 18, 26 and 40 GHz correspond to changing the waveguide size from
one frequency band to the other in order to perform the broadband

characterization [48].
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Figure 10 shows that the absorption magnitude obtained from (9) is above 90%
over a 34 GHz bandwidth, 1.e., from 7.3 to 41.95 GHz, for an absorber thickness
equal to 5.1 mm, which is about 0.13 ). (), 1s the wavelength at lower

frequency of the considered band.) Also, the corresponding fractional bandwidth
calculated as FB = (fg — f1)/(fu + fu), Where fi and fy are the lower and
higher frequencies of the considered band respectively, is about 137%. Again, a
good agreement is found with simulation results, which validates our approach
further.

Fig. 10
Absorption performance of the CNT-ink absorber
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Figure 11 shows the simulated E, electric field component propagating through

the structure at 9 GHz where almost all the incident EM wave enters the structure
due to impedance matching and dissipates inside the medium due to resistive
FSSs. A similar behavior 1s also observed at 40 GHz, but 1s not shown here for
sake of brevity.

Fig. 11

Electric field (E,) computed through unit cell structure at 9 GHz at normal

incidence
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3.6. Angular stability

Furthermore, it is important to study the angular stability of the reflectivity of the
UWMA absorber under oblique incidence. Owing to the excellent agreement
observed at Figs. 9 and 10 between measurements and CST simulations, the
software is used to simulate the reflectivity of the absorber for both transverse
magnetic (TM) and transverse electric (TE) polarization and under various
incidences of electromagnetic (EM) wave, as shown in Fig. 12. It is observed
that the reflectivity performance is better under TM than under TE polarization,
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which may be related to the different ways of wave dissipation, impedance
mismatch, etc. Overall, the reflectivity has acceptable performance of about — 14

to — 15 dB up to § = 40° incident angle for both polarizations in a large

frequency band.

Fig. 12
Simulated reflectivity at different incident angles of EM wave a TE polarization, b

TM polarization
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3.7. Assessment of performances

Table 4 shows the comparison in terms of bandwidth and thickness with other
state-of-the-art broadband absorbers. It is evident that the proposed UWMA
stands out in terms of absorption bandwidth and compacity since its calculated

figure of merit FOM = FB/ (thickness expressed as fraction of )\; ) shows better

performance.

Maximizing the absorption bandwidth usually increases the corresponding

absorber thickness so it is not trivial to design a thin- and wideband absorber.

However, there exists a physically realizable minimum theoretical thickness

(dm), expressed as a function of reflectivity, that allows to achieve a given

required absorption performance [28]:

Table 4

Comparison with state of the art

References

[52]

[26]

[53]

[36]

[54]

[22]

This work

Absorption
bandwidth
(GHz)

7.66

9.3

10

7.5

30.4

31.39

33.9

Fractional
bandwidth
FB (%)

69

62

77

129

137

165

137

FOM

460

861

785

1466

1522

1031

1053

Absorber
thickness in

mm (in )\p)

6.0 (0.15
L)

2.0 (0.072
L)

3.5 (0.093
A1)

13.2 (0.088
AL)

3.8 (0.09
AL)

14.5 (0.16
L)

5.1 (0.13
L)

Unit cell type

Single layer
resistive FSS

Single layer
resistive FSS

2 Layer
resistive square
patch

2 Loops with
resistors

3 Layer
resistive square
patch

Multiresistive
square patch

Double layer
resistive FSS
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13

/ R(\)d) < 2% pgdn,
0

where g, d,,, and R()\) are the static permeability, minimum thickness and
reflectivity over operational wavelength. Thickness d , can also be written for

minimum thickness in the wavelength limit()\ ) for non-magnetic

max* )\min

absorber under normal wave incident as:

o n(R(A)dA| 14

)\min
dpn =
272

where )\ are maximum and minimum of the wavelength range of

max> Amin
operation. The minimum theoretical thickness estimated from the Rozanov’s
equation is d,, = 4.7 mm. and the practically realized absorber is here 5.1 mm
thick which is close to the theoretical thickness limit satisfying the Rozanov’s
condition. Rozanov’s limit is a landmark for absorber performance, and its

applicability has been explored for a variety of systems.

4. Conclusions

We can state that our CNT-ink-based UWMA combines compacity and wideband
absorption through an adequate selection of the number of printed layers,
controlling the resistivities of the FSS. The absorber has a fractional bandwidth
of 137% and a FOM = 1053, for a thicknesses of only 5.1 mm. An equivalent
circuit is derived to explain the resonant origin of the ultra-wideband absorption.
The performances are successfully compared to the state-of-the art and the
Rozanov limit.

The huge fractional bandwidth obtained confirms that the new UWMA is a
highly efficient EMI shielding alternative since absorption constitutes the main
shielding mechanism and is obtained at very reduced thickness. Furthermore, its
lightweight and ease of fabrication offer promising perspectives for space and
aeronautics applications as well as in mobile wireless communications, where
compactness is a key issue [55].
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