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Design and Full Characterization of a 3D-
Printed Hyperbolic Pyramidal Wideband
Microwave Absorber

Xhoandri Lleshi, Thi Quynh Van Hoang, Brigitte Loiseaux and Didier Lippens

Abstract—A fully 3D printed wideband metamaterial
absorber, characterized by an absorptivity above 0.95 in the X
and Ku bands and with a fractional bandwidth of 0.71, is
presented in this paper. A 250 mm x 250 mm sample, with a total
thickness of 6.3 mm (0.26), is fabricated exploiting the fused
deposition modeling technique with commercial filaments. To
achieve a wideband absorption, a hyperbolic metamaterial with a
pyramidal shape is designed by vertically stacking multiple
resonant cavities. Lossy filaments are used to increase the
dissipative losses and cavities with tailored dimensions are
designed to absorb equidistant frequencies to obtain a unitary
and flat absorption. The measurements are performed for
different azimuth and incident angles, for both vertical and
horizontal polarizations in anechoic and non-anechoic chambers.
For normal incidence, thanks to the symmetry of the structure,
quasi-unitary absorption is obtained over a wide frequency range
from 8.2 GHz to 17.2 GHz for azimuthal rotations of 90°. For
oblique incidence, the absorption behavior in vertical
polarization is better than the one in horizontal polarization. Two
cases at azimuth angles of 0° and 30°, corresponding to the best
and the worst performances of the presented absorber, are here
presented.

Index Terms—fused deposition modeling, hyperbolic
metamaterial, radar absorbing material, wideband absorber

I. INTRODUCTION

ICROWAVE absorbers have been used in various

domains such as stealth technology, EM compatibility,

anechoic chamber, etc. The first absorbers were
developed during the WWII with a resonant behaviour. The
Salisbury screen [1],[2] and the Jauman screen [3] are based
on resistive losses to dissipate the energy. The same concept
with dielectric losses is exploited in the Dallenbach screen [4].
The main problem of these structures is the total thickness,
considered too thick for many practical applications, since it is
directly linked to quarters of the absorbed wavelengths [5]. In
2002, a solution was suggested by Engheta with a resistive
layer posed on a metamaterial surface working as HIS (High
Impedance Surface), spaced from a reflective plate a distance
much smaller than A/4 [6].
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So far, many metamaterial and metasurface absorbers have
been developed [7]-[14]. In 2008, the first perfect
metamaterial absorber was fabricated by Landy et al. with
unitary absorption at 11.65 GHz [15]. Another phenomenon
for narrowband absorption is obtained with metal-insulator-
metal (MIM) cavities which permit to match the free space
impedance, assure no transmission and confine the field inside
the lossy dielectric layer [16]. To enhance the bandwidth of
MIM structures, two approaches are followed. The first one is
to employ a superposition of cavities with different widths
corresponding to the superposition of multiple absorbed
frequency peaks, the so-called hyperbolic metamaterials
(HMM) [17]. The second is related to the losses on the

conductive layers as well as on the dielectric layers [18]. It is
well known that a cavity can be characterized by its quality
factor; a low quality factor permits to enlarge the bandwidth
with a meaningless reduction of the absorption level [19].

The HMM notion was firstly introduced in optics [20]. In
2012, this concept was brought by Ding et al. to RF domain
with a pyramidal shape HMM made of 20 pairs of layers,
fabricated using the PCB technology, with an absorptivity of
0.9 over the frequency range of 7.8-14.7 GHz [21]. This
concept offers numerous interesting characteristics required
nowadays to the radar absorbing materials (RAMS) such as
broadband absorption [22], high robustness in incidence

angles [23] and low profile, which is less than 1 cm for Ding’s
structure. The limitation of the absorber presented in Ding’s
work is the use of PCB technology. The main drawbacks of
this technology are the impossibility to work toward the
vertical axis, for instance changing the thickness of some
desired cavities, the difficulty to fabricate a stair-like shape
with the desired widths, and the limitation on working only
with planar surfaces. These weaknesses can be overcome with
the 3D printing technology. Since the first patent on 3D
printed absorber in 2016 [24], many studies on RAM using
this new technology were conducted by exploiting arbitrary
geometries as well as tailor-made materials [25]-[32].

In this paper, the hyperbolic pyramidal concept is
harnessed and extended with the introduction of the losses of
the conductive filament to increase the dissipated power and
decrease the quality factor, presenting a first RAM prototype
fully fabricated in Fused Deposition Modeling (FDM)
technology able to absorb a wideband frequency (X, K-
bands) with only 10 pairs of layers.
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Il. UNIT CELL DESIGN

When a surface is impinged by a wave, the energy must be
reflected, transmitted or absorbed following the energy
conservation law as described by (1):

1=A) + [$u(D 2+ [sa (P ]? &)
where A(f) is the absorptivity, |S.1(f)|? is the reflectivity,
[S.1(F)]? is the transmissivity and f is the frequency. In order to
achieve unitary absorption A(f) = 1, S;1(f) = 0 and Sx(f) =0
need to be satisfied. In our design, zero transmission is
obtained by placing a metal plate on the bottom of the
structure while zero reflection is achieved with the impedance
matching that is accomplished when a cavity resonates.
The unit cell is composed by stacking 10 pairs of dielectric
and conductive square layers on a ground plane as shown in

Fig. 1 [30].

Conductive layer W= W, =W
Dielectric layer .17
fq
9.5mm t
r—p
@) 9.5mm (b) pP=p,=p

Fig. 1: (a) Unit cell design with the pyramidal shape, (b) single MIM (Metal-
Insulator-Metal) cavity.

The single cavity is completely defined by four
parameters, as shown in Fig. 1(b): the width w of the top layer,
the period p of the unit cell, the thickness ty of the dielectric
layer and the thickness t,, of the metallic layer. The width of
the i layer, w;, is directly related to the absorbed frequency by
half of its wavelength in the dielectric medium and is
calculated by using (2):

A1
. u—— with i=1,2,...N 2
Wis g = i @

with & and u, as the real part of the permittivity and the
real part of the permeability of the insulator layer respectively,
and N as the number of pairs of layers. For the period p, 1 mm
is added for each side of the geometry, to the biggest width w.
The thickness of the dielectric layers, ty, is fundamental for the
absorption level but no simple closed form was found in the
literature [33]. In our model, the dielectric thickness is
optimized by considering the printing constraints and by
imposing the same thickness to all the dielectric layers. With
the value of 0.3 mm, almost unitary absorptivity is reached for
8.5-17.8 GHz. The absorption level was found to be not
dependent on the thickness of the conductive layers, therefore,
0.3 mm has been chosen due to the printing restrictions. All
the layers, both dielectric and metallic, have the same
thickness of 0.3 mm for an overall dimension of 6.3 mm
considering the ground plane. The period of the unit cell size
is 9.5 mm, the bottom and top layers measure 7.5 mm and 4.2
mm, respectively.

The design and the simulations have been performed using
CST Microwave Studio 2018, with two-dimension periodic
boundary condition and Floquet modes used as excitation port.

2

I1l. FDM FABRICATION AND X-RAY ANALYSIS

For the fabrication of our prototype, the FDM technique is
exploited by using commercial filaments available on the
market. For the dielectric layers, the filament Preperm
Dk4 [34] is used. Differently from [30], where the
measurements of the permittivity was performed with a
rectangular cavity directly on the filament, in this paper the
transmission method using a coaxial line [35] has been used to
characterize a printed sample. A permittivity value of 4.6 was
obtained on a 2mm-thickness printed torus over the frequency
band of 100 MHz - 18 GHz. For the conductive layers, the
filament Electrifi [36] with 6=17000 S/m measured with a 4-

points measurement method [37] is employed. The overall
dimensions of the structure are 250 mm x 250 mm comprising
of 26 x 26 pyramidal elements and a total thickness of 7.8
mm, with 6.3 mm for the printed structure and 1.5 mm for the
support layer below the ground plane, Fig. 2(a).

Fig. 2: Fabricated pototype: (a) One area of the complete prototype, top view.
Single pyramidal structure, (b) side view, (c) transverse side view using the X-
ray analysis.

In Fig. 2(b), a pyramid constituting the dielectric material
in white layers and the conductive filament in brown layers is
presented. Some imperfections, which can be imputed to the
fabrication process, have been analysed with the 3D X-ray CT
(Computed Tomography) [38]. The image of one transverse
section of the side view of a single pyramid is reported in Fig.
2(c), with the white colour corresponding to the conductive
layers. These imperfections, linked to the geometries of the
cavities (square shape and layers’ thickness), can be explained
by the degradation in precision of the FDM technique when
using different materials with different glass temperatures.
Since Electrifi is a PLA-based filament and Preperm DK4 is
an ABS-based filament, there is 40°C of difference in their
glass temperatures, leading to some difficulties in printing and
less accurate resolution. In contrast with these imperfections, a
very good agreement is found for the widths of the layers
between the X-ray analysis, based on the average values of all
the observed pyramids, and the designed ones with a
maximum discrepancy about 5%. Therefore, all the frequency
peaks are ensured to be equally spread over the desired
absorbed frequency band, resulting in a good performance of
the absorber with almost unitary absorption level as presented
in the next section.

IV. RF CHARACTERIZATION

The measurements of our sample are conducted both in
anechoic chamber (AC) and in non-anechoic chamber (NAC).
A free space bi-static setup is assembled in NAC with two
Satimo QR2000 antennas which operate at 2-18 GHz and
placed at 125cm apart from the sample. Classical foam
absorbers loaded with carbon particles are placed between the
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two antennas and behind the structure under analysis to
eliminate the interferences.

The reflection coefficient is calculated by using (3) [39]:

total env
521 - 521

S =SB ©

where S,; corresponds to the transmission coefficient from
antenna 1 to antenna 2, total is the measurement performed
with the absorber, env is the measurement without any sample
and met is the measurement with a metal plate of 250 mm x
250 mm used as reference. Once S;; is obtained, the
absorptivity is computed using (1).

In order to evaluate the quality of a broadband absorber,
the fractional bandwidth (FB) is used as the figure of merit:

Sll(f) — FABSORBER —

fmax _fmin fmax _fmin
= = 4
FB fc zfmax +fmin ( )

where fin and fia are the extreme frequencies of the band,
in which an absorption coefficient of more than 0.90 is
obtained, and f. the centre frequency.

The measurements performed under normal incidence and
in different azimuthal angles ¢, rotation angles of the absorber
relative to its normal axis, are presented in section A while the
behaviours under oblique incidences 6 (incidence angle of the
incoming wave) are presented in section B. The illustration of
0 and ¢ angles is shown in the insert of Fig. 3 for the
horizontal polarization. The green plane corresponds to the
incidence plane while the grey plane corresponds to the
absorber plane. For section A, the measurements are
performed in both AC and NAC, whereas for section B, the
measurements are available only for the NAC.

A. Characterization in normal incidence

In bi-static setup, when the two antennas are far enough
from the sample and are very close to each other, the
measurement can be considered as in normal incidence. In Fig.
3, for ¢=0°, an absorption level greater than 0.95 is observed
in a wide frequency range from 8.2 GHz to 17.2 GHz, with FB
of 0.71 in NAC. The same amount of absorptivity is detected
for 8.1-17.8 GHz, with FB of 0.74 in AC. The difference in
the NAC measurement result compared to our previous work
[30] can be explained by various improvements of the setup
environment to increase the measurement dynamic and reduce
the interferences. This updated result was validated with a
good correlation with the measurements in the anechoic
chamber and with the simulation.

The measurements for different 90°-rotations of ¢ angles
are performed in the AC but they are not presented in the
paper. Similar behaviours are observed for all the
configurations (¢=0°, ¢=290°, ¢=180°) thanks to the square
symmetry of the geometry with slight differences for the high
frequencies at which the risk that some layers are melted or
mixed together, therefore ruining the resonance of the cavities,
is possible.
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Fig. 3: Comparison between the simulation (green), and the measurements in
anechoic chamber (red) and in non-anechoic chamber (blue) for ¢ = 6 = 0°.
The definition of ¢ (azimuth) and 6 (elevation incidence) angles are shown in
the insert for the horizontal polarization (H-pol.) with the plane of incidence
in green and the plane of the structure under test in grey. When E and H are
inverted, vertical polarization (V-pol.) is considered.

B. Characterization in oblique incidences

For the characterization in different 6 angles, the
measurements are performed only in NAC for different ¢
angles (0°, +15°, £30°, +45°, +90°, £180°). Two cases, the
best and the worst performances of the absorber,
corresponding to =0° and @=30° respectively, are presented.
For the first case, the measurements are compared to the
simulations. For the second case, only the characterization is
presented. Because of the periodicity of the structure, to
ensure no reflection in any diffracted angles, the reflection
coefficient was measured by fixing one antenna and manually
moving the other one along 6 angles. The absorption of all the
energy was guaranteed since no significant reflection of
energy was registered.

The absorption mechanism, in oblique incidence, is related
to the resonance of the cavities. When the absorber is
impinged by an electromagnetic wave, for normal incidence,
only the fundamental mode and its odd harmonic modes are
excited in each cavity [40]. When the absorber is impinged by
a wave with oblique incidence, higher order modes, compared
to the fundamental one, can be excited. In Fig. 4, the increased
absorptivity of the highest frequencies for high oblique
incidences can be explained thanks to these modes excited
inside the bottom cavities of each hyperbolic structure, both
for vertical polarization (V-pol.) and horizontal polarization

(H-pol.).

a) Characterization in oblique incidences at ¢p=0°

A good agreement between simulations and measurements
is obtained as depicted in Fig. 4. For the V-pol., in normal
incidence, an absorptivity higher than 0.95 is measured for
8.2-17.2 GHz (FB=0.71) and both the bandwidth and the
absorption level remain constant up to 10°. From 10° to 40°
the effective widths of the cavities, seen from the incident
wave, are smaller than in the previous case, where the
resonant condition of Ay/2 is satisfied (with A, = A;/V/i,€;),
and a shift toward the higher frequencies is observed. An
absorptivity bigger than 0.90 is calculated for 9.0-20.0 GHz
(and more), thanks to the higher order modes excited in the
lower part of the structure, up to 6=50°. Instead, for the H-
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pol., in normal incidence, an absorption level higher than 0.90
is obtained over 8.2-17.3 GHz (FB=0.71). When increasing
the incident angles, the 0.9-absorption bandwidth constantly
decreases. At 6=50°, an FB of 0.31 (9.7-13.3 GHz) is
observed.

The difference in absorption level between the two
polarizations is due to the different excitations of the current
flux density. This is linked to the magnitude of the parallel
component of the electric field E to the absorber plane,
corresponding to the xy plane in the insert of Fig. 3. Referring
to this insert, for the H-pol.,, E can be decomposed into
parallel component E, and orthogonal component E,; the
magnitude of the parallel component E, decreases with 6 and
a lower current flux density is excited, leading to an
absorptivity degradation in H-pol. when increasing 6 angle.
For the V-pol., the E field is always parallel to the xy-plane
and its magnitude does not change with 6 leading to a better
absorptivity compared to H-pol..

1
0.9
10.8

0.7

0.6

5 10 15 20

Frequency (GHz) Frequency (GHz)

1
IOQ

| {08
07

- 0.6
5 10 15 20 5 10 15 20

Frequency (GHz) Frequency (GHz)
Fig. 4: Absorption level for ¢=0°: simulations for (a) vertical polarization and
(b) horizontal polarization, and measurements in non-anechoic chamber for
(c) vertical polarization and (d) horizontal polarization. The dashed line in
black corresponds to an absorptivity of 0.90.

b) Characterization in oblique incidences at p=30°

A similar behaviour to the one in the previous case can be
seen here. For the V-pol., an absorption level above 0.90 for
the band 8.0-16.3 GHz (FB=0.68) is obtained from normal
incidence and maintained up to 25°. A smaller absorbed
bandwidth is measured due to the smaller effective width of
the cavities seen from the incoming wave. Compared to the
case at @=0°, the absorptivity of 0.90 does not cover all the
wide frequency band and a slightly lower absorptivity of 0.85
is observed in a sub-range from 12 GHz to 14 GHz from 25°
to 50°. For the H-pol, under normal incidence, absorptivity
above 0.90 for the frequency range of 8.3-16.6 GHz
(FB=0.67) is calculated and it decreases up to 50° for the band
9.3-13.8 GHz (FB=0.39). The degraded performances, in
respect to the first case, could be explained by the symmetry
of the structure. Thanks to its square shape, the absorber
responds well to rotations of 90° while at a rotation of 30°, the
symmetry is no longer respected. While for the high
frequencies this problem is compensated with the higher order

4

modes of the cavities on the bottom, for the middle frequency
range there are no resonances of higher order modes resulting
in a slight absorptivity drop in the central frequency band.
Hyperbolic metamaterial with circular shape could be used to
avoid symmetry problems linked to ¢ angles.
;
IO.Q

10.8
iﬂ 7
B 0.6
5 10 15 20 5 10 15 20
Frequency (GHz) Frequency (GHz)
Fig. 5: Absorption level for ¢=30°: measurements in non-anechoic chamber
for (a) vertical and (b) horizontal polarization. The dashed line in black
corresponds to an absorptivity of 0.90.

V. CONCLUSION

A fully 3D-printed hyperbolic metamaterial absorber,
working in the X and K, bands with an absorption level above
0.9 under normal incidence, was presented in this paper. The
dissipated power increased with the resistive losses introduced
by the conductive filaments allows a flat absorptivity
bandwidth. Thanks to the different degrees of freedom in
modelling offered by the Fused Deposition Modeling
technique, the design of each resonant cavity has been
engineered to have equally spaced frequency peaks spread
over the targeted absorption band, that permit a unitary
absorption level. The dimensional analysis of the
manufactured absorber was conducted with the X-ray to
confirm the correct width of each cavity. Two cases,
corresponding to the best and the worst performances of the
absorber, were presented. For both cases, the best absorption
was obtained for the V-pol.. The differences between the two
cases were found linked to the effective geometries seen from
the incident wave, which impact the total bandwidth for both
polarizations. Indeed, for the V-pol., an absorption level above
0.90 is observed over the FB of 0.71 from normal incidence up
to 50° in the first case and above 0.85 over the FB of 0.68
from normal incidence up to 50° in the second case. For the H-
pol, a similar performance was found as for the V-pol. under
normal incidence, and at 6=50° and ¢=30° only a FB of 0.39
is covered by an absorption level above 0.90. Thanks to the
presented results and the fast developing of additive
manufacturing, we consider this technology, exploiting both
arbitrary geometries, which could be a conical shape to
improve the performances under different ¢ and 6 angles, and
ad hoc materials with tailored electromagnetic properties, as a
possible future leader in radar absorbing material.
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