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Abstract—This paper explores the possibility to create 3D
printed multilayer electromagnetic absorbers. The proposed
design is similar to the thin-film filters used in optics and consists
of interleaving high and low permittivity layers. Based on
transmission line theory, the multilayer absorber can be designed
in a circuit simulator. Analytical equations, circuit simulations,
and measurements are used to analyze and validate the designed
absorber. Multilayer absorbers based on 3D printed material can
be an inexpensive option for engineering usage with great design
flexibility and fast fabrication.
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[. INTRODUCTION

Microwave absorbers are widely used to shield the high-
frequency electromagnetic interference (EMI). In designing
microwave absorbers, one needs to consider attenuation,
thickness, and bandwidth depending on the application scenario.
Commercial absorbers, such as microwave absorbing foam [1],
take the advantage of electrically or magnetically lossy materials
to make foam structures for broadband absorption. However, to
obtain good absorber performance at relatively large effective
bandwidths, the thickness of the absorber has to be large enough.
For example, for the absorber presented in [2], the thickness of
the absorber needs to be greater than 1 cm to achieve reflectivity
>17 dB and an effective frequency above 10 GHz.

Frequency selective surfaces (FSS) [3] with resistive
surfaces or resistive lumped elements can be designed as
microwave absorbers with various bandwidth configurations. In
[4], an FSS-based narrow-band absorber with good frequency
tolerance and oblique incidence performance was proposed. In
addition, an FSS-based multiband absorber was designed in [5].
In [6], broadband FSS absorbers with tunable frequencies are
discussed. In addition, ultrathin FSS-based absorbers were
designed with wide-band characteristics [7][8].

Moreover, dielectric layered structures were analyzed in the
concept of multi-ordered microwave filters [9]. In [10], periodic
dielectric structures were discussed in terms of different
modeling approaches.

3D printing technology is widely used in many areas due to
its flexibility and fast operation. A variety of different 3D
printed filaments with different infusion materials are available
in the market, so structures with specific electrical properties can
be printed for different application scenarios [11-13]. The design
of microwave absorbers based on lossy dielectric or FSS
structures can take advantage of 3D printing technology, making
their fabrication very fast. FSS structures with 3D printed
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filaments filled with metal particles were proposed by [14]. In
[15], the 3D printed FSS absorber was designed based on
filaments with lossy carbon materials. Good absorption
performance was achieved compared to commercial absorbers.

This paper shows the feasibility of designing multilayer
dielectric absorbers above 10 GHz based on the 3D printed
material. Using transmission line theory, the reflectivity is
calculated numerically or in a circuit simulator. The designed
absorber was fabricated, and the synthetic aperture radar (SAR)
[15, 16] scan was used to characterize its reflectivity. By using
a multilayer structure, an absorber with desired characteristics
can be created.

II. DESIGN ON MULTILAYER ABSORBER

A. Design Methodology

Depending on the structure, narrow-band or broad-band
absorbers can be achieved based on 3D printed materials with
loss. A basic structure is a single-layer lossy solid sheet with the
backside metalized. The reflection coefficient |[S11| of the plane
wave illuminating the absorber in the normal direction is used to
quantify its absorption performance.

A single-layer lossy sheet with a grounded/metalized
backside tends to produce relatively narrow periodic absorption
bands. Adding extra layers with interleaving high and low
permittivity helps to increase the absorption bandwidth by
generating more resonances.

The analytical expressions for the reflection coefficient of a
multiplayer medium are well known [17, Ch. 4] and can be
relatively easily implemented in, for example, Matlab.
Alternatively, the same calculation, in a form more convenient
for electrical engineers, can be implemented using the
transmission line model.

For the multilayer structure shown in Fig. 1, assuming
normal incidence of the plane waves to the structure, each layer
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Fig. 1. Diagram of the multilayer absorber structure.
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Fig. 2. Diagram of the equivalent transmission line model for the multilayer
absorber structure.
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Fig. 3. Diagram of the cascaded ABCD parameter model for the multilayer
absorber structure.

of the dielectric can be equated to a transmission line, as shown
in Fig. 2. Assuming that the electrical parameters and
thicknesses of the material layers are known, the total S-
parameters of all layers can be calculated by cascading the
ABCD matrices of the layers [18].

For the n™ layer, the wave propagation constant y,, can be
expressed as:

M

where o is the frequency of the plane wave; i, and &, are the
permeability and permittivity of the n' layer.

Yn = Jw\/UnEn

The characteristic impedance of the layer is:

Z,= [ o)
For each layer the ABCD matrix can be defined:
A B coshy,l, Z,sinhy,l,
An = [C D] - zi sinhy,l, coshy,l, ] 3)

where [, is the thickness of the n" layer. The matrix of the entire
structure (Fig. 3) is a product of the layer matrices:

Avotal = H1I'\II=1 A, 4

After converting the total ABCD matrix to the total S-
parameter matrix, the problem is reduced to the calculation of
the reflection coefficient of the two-port network with a short at
Port 2. Since the reflection coefficient I; of the short
termination at Port 2 is equal to -1, the final expression is the
following:
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where S;1,5,1,5,, are the elements of the total S-parameter
matrix of the layered structure.

Si1totar =S11 +
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Fig. 4. Reflectivity/Reflection coefficient of the 3 mm CF20 layer with a metal
plane at the back side.

Portl [;=2 mm =3mm ;=3 mm
Zpo =377Q —|l — — 2 =0
Sul CF20 Air CF20 L

Fig. 5. Equivalent transmission line model of the three-layer absorber.
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Fig. 6. Reflectivity/Reflection coefficient of the three-layer absorber.

Instead of calculating (5) directly, any circuit simulator
allowing to specify arbitrary frequency-dependent values for the
impedances and propagation constants of the transmission lines
(for example Keysight ADS [19]) can be used to calculate the
reflection coefficient of the network in Fig. 2.

B. Multilayer Absorber Design

The 3D printed material used in this paper is a carbon fiber
composite material XT-CF20 (CF20) manufactured by
ColorFabb [20]. In [21], the electrical parameters of CF20 were
measured under different measurement methods including 7 mm
coaxial airline [22], capacitance measurement method [23], and
open-ended waveguide measurement [22]. In addition, in [21],
the measured |S;;| of a dielectric resonator is used up to 20 GHz
to justify that the permittivity of CF20 is close to constant values
of 23 and 6.84 for the tangential and vertical E field relative to
the printed layers. In the application scenario studied in this
paper, the material CF20 is initially assumed to have the relative
permittivity in the x and y direction of about 23 with an electrical
loss tangent of about 0.03 in the 10 GHz — 18 GHz frequency
range [21]. It has the same magnetic properties as air. For the
plane wave normal incidence as shown in Fig. 1, the permittivity
in the x direction is considered because the E field is oriented in
the x direction.

The reflection coefficient of the single 3 mm layer of the
CF20 material calculated using the transmission line model is
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Fig. 7. The 3D printed layers of the designed absorber.

"“j. : l&

Fig. 8. Setup of the SAR reflectivity scan of the designed absorber.
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Fig. 9. Time-domain reflected signal at the metal (x = 51 mm, y = 205 mm)
and absorber locations (x = 109 mm, y = 103 mm).

shown in Fig. 4. As can be seen, the reflection coefficient has a
null at 15.7 GHz with the maximum absorption of 6 dB, but the
bandwidth is relatively narrow (1.4 GHz at -3 dB).

Increasing the order of the filter by adding a 3 mm air layer
and a 2 mm CF20 layer, as show in Fig. 5, allows to increase the
3 dB bandwidth to 3 GHz (Fig. 6).

By adding more layers, the order of the filter can be further
increased leading to increased bandwidth and, potentially, the
stop band absorption. However, this is achieved at the expense
of increasing the overall thickness of the filter.

III. VALIDATION ON THE DESIGNED 3-LAYER ABSORBER

For the experimental validation, the absorber was fabricated
by printing the layers separately using the Jubilee 3D printer
[24]. The size of the absorber layers was 7x7 cm. The CF20
layers were printed with 100% rectilinear infill, and the “air”
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Fig. 10. Ungated and gated |S,| at the metal (x = 51 mm, y = 205 mm) and
absorber (x = 109 mm, y = 103 mm) locations.

layer was printed using the PLA material with a low infill ratio
(15%). The thickness of top and bottom walls was 1 layer. As
the infill ratio of the PLA (dielectric constant: 2.2-2.4 [25]) is
15%, it is assumed the 15% PLA layer shows the effective
permittivity close to air. The layers are shown in Fig. 7.

Transmission coefficient (S21) measurement can be used to
characterize the microwave absorber material without a
metalized backside, such as shielding effectiveness
measurement [26]. As the multilayer microwave absorber in this
paper was designed with a metalized backside, the SAR
reflectivity (reflection coefficient, Si1) scan was performed as
described in [15]. The 3D printer used to create the absorber was
employed to perform the scan as well. To achieve that, a Ku
band standard gain horn was attached instead of the printing
head and the absorber was placed on the printing bed underneath

(Fig. 8).

The antenna was moved within the 250x250 mm area with
40 samples in the X and Y directions (6.4 mm sampling step,
1600 samples in total).

The reflection coefficient or reflectivity as a function of
coordinates S; 4 (x, y) is measured by a vector network analyzer
(VNA) in the frequency range 12.4 GHz — 18 GHz). It is defined
as the ratio of the reflected wave and the incident wave in terms
of voltage at the port of the horn antenna when the VNA is
calibrated. Since the antenna is not perfectly matched and its
reflection is comparable to the reflection from the metal plate
placed several centimeters from the antenna aperture, the time-
domain gating method [27] was used to remove the unwanted
antenna reflections. An example of the measured reflected
coefficient in the time domain is given in Fig. 9 with the gating
window corresponding to the reflections of the metal plate and
the absorber. After removing the antenna reflections in the time
domain, an inverse fast Fourier transform (FFT) is performed to
convert the reflected signal back to the frequency domain and
apply the SAR algorithm. The frequency-domain reflection
coefficients at certain sampling locations before and after gating
are shown in Fig. 10.
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Fig. 11. Reflectivity distribution among the scanned area after gating at 14.6
GHz and applying the SAR algorithm. Black boxes indicate the averaging

regions for the absorber and the plate.
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Fig. 12. Gated reflectivity (|S1|) after averaging at the metal and absorber areas.

Fig. 11 shows a gated reflection coefficient (|Si1|) image
obtained by the SAR algorithm at 14.6 GHz (one of the
reflectivity nulls). The location of the absorber on the metal plate
can be easily identified, the reflectivity within the absorber
region is visually lower than the reflectivity of the metal plate.
However, the variations in the reflectivity exist both within the
absorber region and on the metal plate. To quantify the overall
absorber reflectivity, the absolute values of the reflection
coefficient (|Sii|) image were averaged over the two regions
corresponding to the absorber and the metal plate as indicated in
Fig. 11 (dashed rectangle for the metal plate and solid rectangle
for the absorber).

The average reflection coefficient (|Sii]) of metal and
absorber are compared at different frequencies in Fig. 12.
Compared with the metal sheet, the reflectivity of the designed
absorber is measured to have a significant absorption capability
of up to 10 dB at around 14.6 GHz. It is noted that the absolute
value of the average gated reflectivity |Si1| of metal is not 0 dB
(as could be expected). This happens because the SAR
measurement was not calibrated, for example there was no
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Fig. 13. Comparison of measured and simulated reflectivity (|Si;|) of the
designed absorber (with CF20 relative permittivity of 23 in the simulation).
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Fig. 14. Comparison of measured and simulated reflectivity (|S;;|) of the

designed absorber (with CF20 relative permittivity of 25 in the simulation).
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correction for the reflections from the antenna aperture and non-
isotropic antenna radiation pattern.

By normalizing the average reflectivity of the designed
absorber to the average reflectivity of metal (i.e., assuming that
the absolute value of the reflection coefficient of the metal plate
is equal to 1), the relative reflectivity of the designed absorber
can be obtained and compared directly to the theoretical values
from the previous section. The comparison is shown in Fig. 13.
As can be seen, the measured absorption curve agrees well with
the curve predicted theoretically. However, a shift in the
absorption band is observed. This is because the material
parameters of the dielectrics are not known exactly. By changing
the value of the CF20 relative permittivity from 23 to 25, it is
possible to achieve a better match between the measured and
calculated absorber responses. As shown in Fig. 14, the
difference in the resonant frequencies between measurement
and simulation is within 200 MHz.

IV. CONCLUSION

In this paper, the proof of concept of designing multilayer
absorbers based on 3D printed materials is shown. The absorber
can be designed based on transmission line models in the circuit
simulation. For a 3 mm lossy 3D printed material CF20, better
impedance matching, and multiple resonances with expanded
absorption bandwidth can be intentionally achieved by adding
two additional layers (2 mm CF20 layer and 3 mm air layer).
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The absorption performance of the fabricated absorber shows a
good correlation with the simulated results. The discrepancy of
the resonant frequencies between measurement and simulation
is within 200 MHz with the relative permittivity of CF20
assumed as 25 up to 18 GHz.
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