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The self-similarity, high geometric symmetry and spatial utilization properties of fractal structures provide new meth-
ods for the development of absorbing metamaterials. In this paper, the microwave absorption properties of the gradient
dendritic fractal metamaterial structure (GDFMs) based on carbon black and acrylonitrile—butadiene—styrene composites
were investigated. The optimal metamaterial structure has an effective absorption in the frequency range of 4.5-40 GHz.
The rotational-symmetry GDFMs leads to the polarization independence, and the GDFMs exhibits a wide-angle absorp-
tion performance for both TE and TM waves. It is expected that the proposed GDFMs has good application prospects in

electromagnetic wave absorption.
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1. Introduction

In recent years, electromagnetic absorbing metamateri-
als have been investigated and developed due to their ex-
tensive applications in many fields, such as stealth tech-
nology, electromagnetic pollution reduction and wireless
communication.['3] Although conventional absorbing meta-
materials could realize perfect absorption at a single frequency
point, the narrow band absorption limits their applications. [©]
Therefore, more and more research studies on broadband ab-
sorbing metamaterials have emerged, and many broadband

7131 Duan et al.!'* proposed a

methods have been proposed.!
gradient composite metastructure to achieve a —10 dB absorb-
ing bandwidth in a wide frequency range. Zhou ez al.!">! inves-
tigated a two-layer periodic stepped radar absorbing structure
with ultra-broadband absorption performance, while Yang et
al.!'%! presented a design for a multilayer metamaterial and ad-
justed the geometric parameters and the distribution of spher-
ical carbonyl iron powder to achieve broadband absorption.
However, these methods do have some defects in spite of
achieving broadband absorption. For instance, the multilayer
structure will lead to a large thickness,!'®! while the metama-
terials containing magnetic materials usually result in an in-
crease in density.['*!7-1% Furthermore, it is difficult to achieve
broadband absorption and polarization and angle insensitivity
simultaneously.[20-2?]

The dendritic structure is a fractal structure with high
geometric symmetry, which is isotropic to incident electro-
magnetic waves at different angles,/?! while gradient struc-

ture can not only achieve better impedance matching char-
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acteristics, but also significantly enhances the edge diffrac-

24,251 Therefore, the combination of dendritic struc-

tion effect.|
ture and gradient structure can provide an effective way to
design broadband absorbing metamaterials. Compared with
the traditional manufacturing process, 3D printing technology
can realize the efficient and precise fabrication of complex
structures. [23-26]

In this work, a novel absorbing metamaterial based
on the gradient dendritic fractal structure with broadband,
polarization-independent and angle-insensitive characteristics
was proposed. A gradient dendritic fractal metamaterial
structure (GDFMs) based on carbon black and acrylonitrile—
butadiene—styrene (CB-ABS) composites was successfully
fabricated by fused deposition modelling (FDM) of 3D print-
ing. The simulated and experimental results showed that a
broadband absorption spectrum could be obtained. The wave
absorption mechanism was also studied by analyzing the elec-

tromagnetic field and energy loss distributions.

2. Simulation and experiments

Figure 1 shows a schematic of the GDFMs. The unitary
structure consists of the gradient dendritic structure and an
outer circular structure. The eight-branch dendritic structure
is composed of one three-stage V-structure rotated in 45° steps
around the apex of the main branch of the structure. And the
dendritic structure has gradient variations with respect to the
primary level structure. The height and length of the primary
level structure were H and L, while the width was W. Re-
spectively, the gradient ratios were k, m and ¢. The structural
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parameters of the secondary and third level structure were as
follows: L, = Lt, Hy = Hk, Wo = Wm; Ly = Lt*, Hy = HK?,
W3 = Wm?. In addition, the height and width of the outer cir-
cular structure were H and D. The commercial software CST
Microwave Studio was used for the numerical simulation. The
unit cell boundary conditions were used in the x and y direc-
tions, and the open boundary condition was set in the z direc-
tion.

Fig. 1. Schematic diagram of the unit cell.

For the experiment, a vector network analyzer (Ceyear
3672C, China) was used to measure the complex permittivity
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and permeability of the CB-ABS composite filaments, where
the mass ratio of CB and ABS is 1:7. The sample for the reflec-
tivity test was fabricated via an FDM 3D printing machine (3D
Raised E2, China). The reflectivity measurement was con-
ducted in an arch free space measurement system. Detailed
descriptions of the preparation, characterization and measure-
ment are available in the supplementary material.

3. Results and discussion
3.1. Electromagnetic properties of the composite filaments

As shown in Fig. 2(a), the €’ and €” of CB-ABS compos-
ites decrease continuously with increasing frequency, which
demonstrates its dispersion characteristics at different frequen-
cies. According to the transmission line theory, the reflectivity
of the single-layer flat structure was calculated. Figure 2(b)
shows that the reflectivity peak gradually shifts towards the
lower frequency with the increasing thickness. And we can
discover that the single-layer flat structure cannot achieve
broadband absorption.

Reflectivity (dB)

076 8 10 12 14 16 18

Frequency (GHz)

Fig. 2. (a) The € and p of CB-ABS composite; (b) the reflectivity of the single-layer flat structure.

3.2. Microwave absorbing properties of the dendritic frac-
tal metamaterial

To obtain excellent electromagnetic wave absorption
characteristics, the influence of the main geometric parame-
ters (L, H, W, k, m, and ) was investigated. In Fig. 3(a), the
lower border of the —10 dB absorbing bandwidth shifts from
9.3 GHz to 3.2 GHz with increasing H. The impact of H on
reflectivity follows well the A /4 resonance mechanism. Fig-
ure 3(b) shows a degree of attenuation of reflectivity intensity
in middle and high frequencies when k increases from 0.6 to
1, while the absorption performance is significantly enhanced
in the lower frequencies. Figures 3(c) and 3(d) depict the ef-
fective bandwidth is insensitive to W and m, while the reflec-
tivity intensity in the lower frequency band strengthens first
and then weakens with increasing W and m. Meanwhile, the
change pattern of reflectivity intensity in the relative middle
and high frequency band is contrary to the lower frequencies.
Figures 3(e) and 3(f) show the reflectivity peak in the low fre-

quency band moving towards higher frequencies with increas-
ing L and ¢. Integrating the absorption bandwidth and reflec-
tivity intensity, the optimal structural parameter combination
for the GDFMs was confirmed as H = 7 mm, W = 3.6 mm,
L=8mm, k=09, m=0.5,t=0.6and D =2 mm.

As shown in Fig. 4(a), the microwave absorption char-
acteristics of simulated and experimental results were com-
pared and analyzed. The simulated microwave absorption of
the GDFMs achieves —10 dB absorption bandwidth in the fre-
quency range of 5.2-40 GHz, while the experimental sample
in Fig. 4(b) could achieve a broadband absorption spectrum
of 4.5-40 GHz.
the simulated and experimental results, the general behavior

Though there exists a difference between

agrees well. The deviations mainly originate from manufac-
turing and measurement errors. Firstly, the discrepancy may
be caused by unavoidable inconsistencies between the actual
electromagnetic parameters and the simulation settings. The
deformation of the fabricated structure in the 3D printing pro-
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cess will also contribute to some degree of inaccuracy. Fur-
thermore, due to the limitations of the measurement system,

we measured reflectivity with an incident angle of 5° instead
of the normal incidence angle.
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Fig. 3. Influence of the structural parameters on the absorption properties in the frequency range of 2-40 GHz: (a) H, (b) k, (c) W, (d) m, (e) L, and (f) .
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Fig. 4. (a) Comparison of simulation and experimental results; (b) the
sample fabricated by FDM.

It is clear that the proposed GDFMs has relatively broad-
band absorption characteristics with a small thickness com-
pared with other related devices which do not contain mag-
netic materials. Compared with the devices containing mag-
netic material, the GDFMs has a lower mass density under
similar absorption performance. It can be concluded that the
GDFMs is highly competitive with other metamaterial struc-
tures due to its great broadband absorption, thin thickness and

light weight.

Table 1. Comparison of the proposed GDFMs with other related devices.

Structure Bandwidth Thickness (mm) Magnf?tlc Reference
(—10dB, GHz) material
Swastika shape 9.3-49 3.6 No [1]
Honeycomb structure 8.5-10.7, 11.9-18 12 No [8]
Two—layfer honeycomb 4.9-18 9 Yes [10]
sandwich structure
i 1til.
Gradient multilayer 5.1-40 10 Yes [14]
structure
Multilayer structure 8.2-18 20 Yes [16]
2-2.36, 6.54-19.36,
Pyramid structure 36,6.54-19.36 7 Yes [17]
19.89-21. 57, 25.1-40
Woodpile structure 4.5-40 5.6 No [26]
Gradient dendritic 4.5.40 7 No this work

fractal structure

3.3. Dependence of polarization angle and oblique inci-
dence

The performance of polarization-independent absorption
is proved in Fig. 5(a), which results from the rotation sym-
metry of the GDFMs. As shown in Figs. 5(b) and 5(c), the
reflectivity of different oblique incident angles is also numer-
ically simulated. For TE polarization, as the incident angle

increases from 0° to 50°, the absorption intensity decreases
slightly. While the incident angle exceeds 50°, the absorption
performance deteriorates rapidly. For TM polarization, the ef-
fect of oblique incident angle on the absorption performance
is relatively slight. Even when the incident angle increases to
75°, the GDFMs could exhibit broadband absorption with an
efficiency of over 90%. It can be concluded that the GDFMs
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has a wide-angle absorption feature for both TE and TM po-
larization.

The strength of the magnetic field along the metamaterial
surface has a significant impact on the wave absorption per-
formance. For TE polarization, the incident angle gradually

increases, resulting in a gradual decrease in the magnetic field
component, while the situation under TM polarization is the
exact reverse. Therefore, the change of the incident angle has
little effect on the absorption performance of the electromag-
netic wave in the TM mode.
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Fig. 5. The dependences of polarization angle (a) and oblique incidence of TE (b) and TM (c) polarization.

3.4. Absorption mechanism

In order to analyze the absorption mechanism of the
GDFMs, the electric and magnetic field and power loss dis-
tributions at three reflectivity peaks were investigated. Fig-
ure 6(a) shows that the electric field mainly concentrates on
the top layer of adjacent units in the x—z plane at the first fre-
quency point of 7.5 GHz, while the magnetic field mainly con-
centrates on the bottom of the GDFMs in the y—z plane. The
power loss concentrates on the outer circular structure and
the bottom of the dendritic structure, overlapping the mag-
netic field distribution. This result indicates that the power
loss at 7.5 GHz mainly derives from magnetic loss accord-

27.281 When the frequency increases

ing to the A /4 resonance. !
to 18.5 GHz, as shown in Fig. 6(b), the electric field energy
is enhanced, especially on the top surface area. The mag-
netic field distribution shifts to the upper part of the GDFMs
in the y—z plane, while partial magnetic field energy is dis-
tributed at the junction of the dendritic structure. The power
loss at the center of the GDFMs is enhanced, which is sim-
ilar to the magnetic field. It reveals that the power loss
at 18.5 GHz is mainly attributed to strong resonance and
weak edge diffraction.l'*>° At the third frequency point of
35.8 GHz, as shown in Fig. 6(c), the electric and magnetic
field both concentrate on the top edge area of the top layer and
the gap between the units. The power loss distribution at the
top edges of the GDFMs is identical to the electric and mag-
netic field distributions. And the power loss is also distributed
in the gaps between the unit structures. This result indicates
that the power loss at 35.8 GHz is mainly attributed to strong
edge diffraction and weak resonance.!”)

In summary, through the analysis of electromagnetic field

and power loss distributions, it could be concluded that the ex-

cellent broadband absorption characteristics of the GDFMs is
mainly attributed to the magnetic loss in the bottom layer, the
resonance between adjacent units and the branches of the gra-
dient dendritic structure, and the edge diffraction effects at the
edges of the top layer.

Power loss
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Fig. 6. Distributions of the electric field, magnetic field and power loss

of the GDFMs at three reflectivity peaks: (a) 7.5 GHz; (b) 18.5 GHz;
(c) 35.8 GHz.

As we all know, when the metamaterial structure is con-
firmed, it will generate resonance to strengthen the electro-
magnetic wave absorption at some fixed frequency positions.
The previously reported metamaterial structures usually gen-
erate resonance by the structural design in the vertical or hor-
izontal directions for electromagnetic wave absorption. The
proposed three-dimensional dendritic structure in this paper
has more structural features, which can generate more reso-
nance points to achieve broadband absorption. Furthermore,
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the combination of gradient design and dendritic fractal struc-
ture will produce more edge structural features, which will sig-
nificantly enhance the structural resonance and edge diffrac-
tion effects.

4. Conclusion and perspectives

The GDFMs based on CB-ABS was numerically and
experimentally demonstrated to show broadband absorption
characteristics. Furthermore, the GDFMs is insensitive to po-
larization and incident angle. Compared with the flat structure,
the proposed GDFMs not only significantly increases the ef-
fective bandwidth, but also improves the material utilization.
It is believed that this study could provide a novel and viable
strategy for designing and fabricating lightweight broadband
absorbing metamaterial in the future.
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