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ABSTRACT ARTICLE HISTORY

In this paper, firstly, a dual narrowband absorber based on plasma Received 5 October 2022
metastructure with a single spiral resonator is proposed, whose Accepted 2 May 2023
absorption rate in the frequency bands of 19.60 ~20.21 GHz and KEYWORDS

23.08 ~ 25.55 GHz s higher than 90%. Through continuous optimiza- Metastructure; absorber:
tion, a broadband absorber composed of four spiral structures with solid plasma; spiral
different sizes is finally obtained. When the absorption is larger than resonators; broadband
90%, the absorption frequency domain of this absorber can cover absorption

from 21.11 to 28.08 GHz, with a relative bandwidth of 28.3%. What's

more, the absorption principle of spiral absorber has also been stud-

ied in the process of parameter discussion in depth. The design

process of this absorber also contributes to a new approach for

expanding the operation bandwidths of other similar ones. Com-

pared with the conventional absorbers, the proposed device is more

compact, and superior in absorption, with the designable electro-

magnetic parameters of the material. In addition, the given absorber

has exceedingly extensive application prospects in the fields of

detection, imaging, and electromagnetic stealth.

1. Introduction

Metamaterial (MM), an artificial periodic structure whose unit size is remarkably smaller
than its operating wavelength, is usually composed of basic resonant units [1]. Through the
precise micro-geometry design of its resonant unit, the MM can present a string of pecu-
liar electromagnetic properties, including negative refractive index [2], reverse Doppler
effect [3], and so on, which are not possessed by natural materials. Simultaneously, metas-
tructures (MSs) with essentially similar principles to MM, are three-dimensional (3D) topolo-
gies, and easier to integrate in contrast with traditional natural materials, making them
better adapt to the development of contemporary technology. In fact, MS is a concept
derived from MMs [4]. To be specific, MS represents the evolution of multi-layer structures,
two-dimensional metasurfaces or 3D topology, and other variable structures, which gen-
erally has superior performance to simple MM units. Hitherto, the increasing complexity of
application scenarios and the pursuit of devices with superior performance have brought
the implementation of MSs to the forefront. In particular, the metastructure absorber (MSA)
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is a significant branch with rapid growth in the field of MS. It is the bright prospects of MSAs
in electromagnetic compatibility [5], stealth technology [6], and other aspects that urge
them to arouse widespread attention.

At present, there are considerable research results in the exploration of MSAs, includ-
ing perfect absorbers [7], multi-frequency absorbers [8], broadband absorbers [9], tunable
absorbers [10], etc. In 2008, a nearly perfect absorber was put forward by Landy et al., whose
absorption rate is as high as 96% at the operating frequency of 11.6 GHz [7]. Subsequently,
inspired by the design concept of Landy, a variety of MSAs with broad band have been
designed, simulated, and implemented, with the frequency bands studied extended to ter-
ahertz (THz), near-infrared, and visible light. At the same time, multi-frequency absorbers
originated single-frequency absorbers have been gradually realized. Tianhua et al. came
up with and theoretically studied a simple five-band perfect MSA in THz region, per-
forming absorption peaks at five resonant frequencies whose peaks average 98.85% [11].
Moreover, the broadband MSA is one of the research hotspots for the reason that the
realization of broadband absorption is propitious to practical application. Using multi-
layer structure [12], loading lumped elements [13], designing planar multi-size resonant
units [14] and other methods can effectively expand the absorption frequency band. By
making full use of the square-ring dielectric multi-layer absorption structure, a broadband
absorber was implemented by Xiong et al., presenting strong absorption characteristics in
the frequency range of 8.37 ~21.90 GHz [15]. With lumping elements loaded, a new type
of broadband MSA including four-wheel resonators of different sizes was confirmed by
Karaaslan et al. [16]. A six-band MSA composed of four multi-mode Q-shaped resonators
was proposed by Xu et al., provided with six distinct near-perfect absorption peaks from
2 to 17 GHz [17]. Utilizing indium-tin-oxide films, Deng et al. have proposed the ultra-
wide and polarization-insensitive MSA, working from 10~ 75.5 GHz [18]. A year later, they
put forward a new ultra-broadband MSA by making advantage of water substrate and
dielectric-resonator [19].

Apart from adopting complex structural design methods, all kinds of materials emerg-
ing in an endless stream, are also tried to be applied to superior MSAs. Among these various
materials, solid plasmais a type of significant material with outstanding advantages, such as
tunable electromagnetic properties, high working frequency, and ease of integration [20].
Since the formation of solid plasma can be dominated by external voltages, Kong et al.
ingeniously exploited this property to investigate a tunable polarization-independent MSA
based on solid plasma, operating in the THz band [21]. A broadband absorber integrating
solid plasma with a frequency-selective surface and covering the X — and Ku-bands was
reported by Joozdani et al. [22]. Besides the change of material, the shape of the resonance
unit of the MSA is also constantly innovating. And it is worth pointing out that spiral struc-
tures endowed with plenty of merits, such as angular stability and polarization insensitivity,
are extensively used in the construction of absorbers. Hua et al. proposed a multi-frequency
MSA with the top layer consisting of four identical spiral metal wires. Due to the quadruple
rotational symmetry of the spiral resonator, the electromagnetic response is insensitive to
the polarization of the incident wave [23]. Simultaneously, the performance of the spiral
MSA in terms of angular stability of the angle of incidence cannot be underestimated after
elaborate engineering. For instance, an optically transparent microwave MSA was demon-
strated by Shi et al. [24]. An impedance layer composed of a square spiral unit cell is utilized
to enhance microwave absorption for the sake of angular stability of eminence. The novel
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Table 1. Summary of specific structural parameters involved in the MSA 1.

Parameter P R r d H hy hy
Value (mm) 18 5.7 0.85 0.42 1.5 0.1 0.1

spiral structure evolved, transformed, and processed from the basic spiral structure has also
injected new vitality into the progress and improvement of the MSAs.

K-band refers to the frequency band of electromagnetic wave (EMW) 18 ~ 27 GHz, which
is a military band mainly used in radar communication and mobile satellite communica-
tion [25]. Currently, a growing body of countries focuses on the development and applica-
tion of K-band broadband satellite communications, which is the grounds that the MSAs in
this paper are designed in this frequency band.

Based on the above content, a spiral broadband MSA is formulated in this paper. This
work realizes dual-band absorption by a single spiral structure at the beginning. By arrang-
ing four spiral structures that evolved from single spiral structure with different geometric
dimensions in an array and making certain changes, the bandwidth (BW) of the original
single spiral absorber has been significantly expanded. This method of increasing BW is
universal and reproducible, which offers references and means for similar structures to opti-
mize BW. Additionally, the absorption mechanism and performance of the optimized MSA
are also discussed and analyzed in detail.

2. Structure design

The structure diagram of the single spiral narrowband MSA consisting of a three-layer struc-
ture is drawn in Figure 1. Aimed to ensure that EMW rarely reflects, the bottom layer is a
metal plate made of copper with a conductivity ¢ of 5.8 x 107 S/m [26]. And the top layer is
a solid plasma Archimedes spiral. Describing with the Drude model, the dielectric constant
of the solid plasma is expressed as ep(®) = €co- wp? / (02 + jowc), Where the e is 12.4,
the solid plasma frequency wpis 2.9 x 10" rad/s, and the solid plasma collision frequency
is 1.65 x 103 rad/s [27].

For the Archimedes spiral, @ denotes the radius ratio (the ratio of the longest radius R of
the spiral to the shortest radius r, expressed by the calculation formula as & = R/r). In this
single spiral absorber with the definition of MSA 1, « and the width of spiral d are 6.7 and
0.85, respectively. Besides, another representative parameter of the spiral is the number
of revolutions N, which is taken as 5 in this resonator. The metal plate and the spiral are
separated by a layer of FR-4 (the relative permittivity e = 4.3, and the dielectric loss tangent
is 0.025) [28]. To be more intuitive, the structural parameters of MSA 1 are summarized in
Table 1.

Figure 1(a2) - (e2) show a schematic diagram of the structure of the MSA with four spi-
rals as resonant units, which is defined as MSA 2. The four spiral structures are numbered
accordingly in the order shown in Figure 1(a1). The spirals (1), @, 3), and (4) are all obtained
from the single spiral in Figure 1 through scaling, translation, and rotation. The spirals (4),
(®), @, and (1) are rotated counterclockwise around the center by a certain angle relative to
the original spiral, which is 0°,90°, 180°, and 270°, respectively, which can avoid the sensitiv-
ity to the polarization of EMW to a certain extent. Among them, k1, k2, k3, and k4 represent
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Figure 1. The structure diagrams of MSA 1 and MSA 2: (a1) the planform of the MSA 1, (b1) the structural
separation diagram of the MSA 1, (c1) the graphic model of the MSA 1, (d1) the side elevation of the MSA
1, (e1) schematic diagram of periodic surface composed of MSA 1, (a2) the planform of the MSA 2, (b2) the
structural separation diagram of the MSA 2, (c2) the graphic model of the MSA 2, (d2) the side elevation
of the MSA 2, and (e2) schematic diagram of periodic surface composed of MSA 2.

Table 2. Summary of the specific structural parameters involved in MSA 2.

Parameter rn r r3 ry k1 ko k3 ka

Valu e (mm) 372 22 22 V2 1 0.6 1.2 1.4

the proportional scaling ratios of the spirals (1), @, 3), and (4 relative to the original spi-
ral structure, respectively. Moreover, rq, ra, r3, and rq delegate the translation distances of
the spirals (1), @), ®, and (@) along the diagonal 45° from the center of the unit. The corre-
sponding parameters during the change are summarized in Table 2 to describe MSA 2 more
clearly.

3. Simulation results and analyze

Numerical simulation is carried out in the commercial software High Frequency Structure
Simulator (HFSS), the polarized EMW is vertically incident on the MS surface along the -
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Figure 2. Schematic representation of the S-parameters.
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Figure 3. Reflection, transmission and absorption spectra: (a) the MSA 1, and (b) the MSA 2.

z-direction, and the master-slave boundary and the Floquet port are set to simulate the
periodic boundary and EMW incidence, respectively.

Considering that the bottom plate of the MSA is made of pure copper, it can be approx-
imated that EMW cannot be transmitted through, which leads to the result that the trans-
mittance T is 0. Therefore, in Figure 2, A(w) can be expressed in terms of S-parameters but
also in terms of reflectivity R, that is [29-35]:

A=1—Sn> =50 =1-R (1)

The absorption, reflection, and transmission spectra of MSA 1 for the transverse-electric
(TE) polarization (the electric field is parallel to the x-axis) under the normal incidence are
respectively displayed in Figure 3(a) [36]. In Figure 4, the MSA 1 is a dual-narrowband
absorber, whose absorption rate in the two frequency bands of 19.58 ~20.17 GHz and
23.08 ~25.54 GHz is higher than 90%, with 1.6% and 10.1% relative bandwidths (RBs),
respectively. There is high-efficiency absorption within a certain range. However, the fly
in the ointment is that the BW is narrow. Due to the continuous metal backplane for the
MSA, the transmission is almost 0, which again proves the correctness of Eq. (1).

Aimed at broadband absorption, MSA 2 is finally obtained by synthesizing the analysis of
several crucial factors such as the revolutions N of the spiral resonator, the thickness H of the
dielectric layer, and the thickness h; of the solid plasma, and optimizing the arrangement.
The specific MS of the optimized absorber is displayed in Figure 1. The absorption rate is
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Figure 4. Absorption, real parts and imaginary parts of the relative impedance Z, of spectra: (a) real
parts and imaginary parts of the relative impedance Z, of MSA 1, (b) real parts and imaginary parts of
the relative impedance Z, of MSA 2, (c) absorption of MSA 1, and (d) absorption of MSA 1.

carried out and shown in Figure 3(b). It can be concluded that the MSA 2 has accomplished
an absorption rate larger than 90% in the range of 21.11 ~ 28.08 GHz, with 28.3% RB. Espe-
cially at 22.24 and 23.13 GHz, the absorption is almost 1, which can be considered perfect
absorption and there is almost no EMW reflection or transmission. Compared with MSA 1,
the absorption BW has significantly broadened. In practical application, it is accepted that
the RB is higher than 20%, that is, the broadband, so it is rational to draw the conclusion
that the MSA 2 has achieved broadband absorption [37].

The principles of impedance matching demand to be introduced in order to elucidate
the physical mechanism of the remarkable optimization of absorption performance from
MSA 1 to MSA 2. When the EMW is under normal incidence, the relationship between A
and the relative impedance Z; can be described as [38-42]:

Z-2? Z—1?
A=1—R=1-|2"20 B e — )
Z+ZO Zr+1
14 511)% — 592
Z -+ a+ 11)2 212 3)
(1 —=511)° —Sx

Where Z, = Z/Zy means the relative impedance between the MSA and the free space
and Zy = 377 Q stands for the wave impedance in vacuum. It is deduced that when Z
matches Zy, Z, = Z/Zo = 1, leading the consequence that the absorption reaches the max-
imum. Specifically, the real part of Z, is close to 1 at this time, while the imaginary part
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Figure 5. The absorption spectra when the revolutions N changes:(a) MSA 1, and (b) MSA 2.

approaches 0. There are the real and imaginary parts of Z, and the absorption of MSA 1 and
MSA 2 curvesin Figure 4. Itis apparent to speculate from Figure 5 that the absorption perfor-
mance of MSA 2 is significantly superior to that of MSA 1 with respect to A and absorption
BW, mainly since the impedance in MSA 2 is matched better with the impedance of free
space.

For the spiral resonator, the number of revolutions N of the spiral is a vital parameter.
Therefore, in the parameter discussion, the absorption rates under different N values in
MSA 1 and MSA 2 are firstly computed in Figure 5(a) and (b). Comprehensively viewing
the analysis of these two figures, it is logical to conclude that N imposes the similar effect
on the two kinds of the absorber. In general, the absorption also enhanced distinctively as
N is increasing. When N = 5, the absorption performance of MSA 1 is significantly better
than the other circumstances, occupied with the wider BW and three perfect absorption
peaks at the same time. As for MSA 2, the absorbers with N = 7 and N = 5 have their own
merits. The absorber with N = 7 encompasses a wider working frequency band, specifically
20.75~28.37 GHz. And while N = 5, the average absorption rate is higher.

In the case of the same number of revolutions, the different radius ratio « also plays a
crucial role in the size of the spiral, thus it has an obvious effect on the absorption perfor-
mance of the MSA. In Figure 6, the curves of absorption varying with & show that the larger
the radius ratio, that is, the larger the spiral, the better the absorption performance will be.
Considering the absorption performance of MSA 1 and MSA 2 comprehensively, the final
radius ratio of 6.7 is selected in this design, so that both MSAs have the wider BW.

In addition to the revolutions N and radius ratio &, the solid plasma thickness h; of the
spiral structure is also one of the staple parameters that may affect absorption performance.
Therefore, the corresponding circumstances of the parameters in MSA 1 and MSA 2 are
also simulated and can be seen in Figure 7. It can be inferred that h1 varying between
0.05 ~ 0.2 mm exerts a slight impact on the absorption performance of the two MSAs. For
MSA 1, obviously, the absorption rate with thicker solid plasma is also larger where the
absorption rate is higher than 90%. Hence, a solid plasma thickness of 0.1 mm is adopted in
this article, which is a reasonable choice with taking the absorption performance and the
thickness of the structure into account simultaneously. Of course, on some specific occa-
sions, itis also rational to choose a thicker solid plasma appropriately to pursue the ultimate
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Figure 7. The absorption spectra when the solid plasma thickness h1 changes:(a) MSA 1, and (b) MSA 2.

absorption properties. For MSA 2, when hq is 0.1 mm, two perfect absorption peaks perform
better, which is unique and not found in other thicknesses of the MSAs.

The relationship between the structural parameter H (the thickness of dielectric layer)
and the absorption spectra of MSA 1 and MSA 2 are given in Figure 8(a) and (b), respectively.
As can be seen from Figure 8, H is a momentous parameter affecting the performance of
MSA 1, which is manifested in that not only does it have a non-trivial effect on the position of
two absorption frequency bands, but the BWs are also affected by H. With the increasing of
H, the working band will move in the low-frequency direction. For instance, the working fre-
quency band at H = 1 mm is significantly higher than the operating band at H = 1.75 mm,
shifting to high frequency by about 3 GHz. For the sake of the widest possible RB of MSA 1,
the setting of H = 1.5 mm is adopted in the conclusion. Meanwhile, the structural param-
eter H of MSA 2 and its relationship with the absorption spectra are plotted in Figure 8(b).
Similar to the case of MSA 1, the thickness of the dielectric layer is also an extremely signif-
icant parameter able to affect the performance of MSA 2. The operating band will move to
the low-frequency direction as H increases. Besides, it is worth noting that H exerts a spank-
ing conspicuous effect on the absorption rate at the same time. When H = 1 mm, there
is only one absorption peak of MSA 2 whose absorption is higher than 0.9. In sharp con-
trast, the absorption range of MSA 2 with H = 1.5 mm covers from 21.11 GHz to 28.08 GHz,
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Figure 8. Absorption spectra when dielectric layer thickness H changes:(a) MSA 1, (b) MSA 2.

which happens to belong to the K-band. This phenomenon reveals that the loss of EMW
in the dielectric layer is likely to be one of the vital factors for the broadband absorption of
MSA 2. This is why a precise comparison of MSA 2 using lossy dielectricand lossless dielectric
respectively is made in the following text.

In practice, EMW is usually an oblique incident into the MSA so the incidence angle 6 of
EMW is a concerning factor. And the absorption versus incidentangle 8 is shown in Figure 9.
When the EMW is incident vertically, that is, when 6 is 0°, the MSA 2 has the best absorp-
tion properties. The absorptive character of MSA 2 is sensitive to the change in the incident
angle. # becoming larger, the absorption BW is obviously reduced, with the absorption rate
getting smaller. The effect of polarization angle ¢ on the MSA is also not negligible apart
from @, which is used in discussion about the polarization sensitivity (Figure 10). Therefore,
Figure 11 displays the simulation results under different polarization of incident EMW. In
comparison with the incident angle 8, the MSA 2 is slightly insensitive to the change of
polarization angle ¢, which can be mainly attributed to the certain rotational symmetry of
spirals. When ¢ increases, the absorption performance of the MSA 2 will deteriorate, but
the reduction can be tolerated. When ¢ is 40°, the absorption rate is less than 0.9 in only a
minor part of the frequency band.

To analyze the physical mechanism of the MSA 2, Figure 11 displays the distribution map
of electric field of the dielectric substrate with a thickness of 1.5 mm and the surface current
map of the metal reflector plate (at the frequency points 22.24 and 23.13 GHz, where the
absorber has realized perfect absorption). Figure 11(a) and (c) are the electric field distribu-
tion figures of the upper surface of the MSA 2 at 22.24 and 23.13 GHz, respectively when 6 of
EMW is 0°. At this time, the electric field of MSA 2 is mainly distributed in the dielectric sub-
strate and the edge of the spiral structure (as shown by ‘o’ in the figure). It can be concluded
that the broadband absorption of MSA 2 is mainly due to the effect of dielectric resonance.
The incident EMW propagates through the solid plasma resonance unit on the surface of the
dielectric substrate, and the energy of the EMW is lost in the dielectric substrate (lossy FR-4),
thus obtaining the effect of absorbing the EMW. The electric field is mainly distributed on
the edge and outside of the spiral, as can be seen in Figure 11(a). It is reasonable to equate



10 H.YE ET AL.

() 100 )
0.95 + =
0.9
0.85
0.80 4
£ 0754
£
0.70
ls 1.09
2 0.654 094
« 0.8+
0.60 £ 079
S 0.6
0.55 - & osd
2 044
0.50 £ ]
203
0.45 4 0.2
0.1
e Wt T T T T T T
20 21 22 23 24 25 26 27 28 290 30 20 21 22 23 24 25 26 27 28 29 30

Frequency (GHz) Frequency (GHz)

Figure 9. Absorption spectra with different incidence angles 6:(a) waterfall plot, (b) curve plot.

(a) 1.00

0.95 4

(b)

Absorption

T T T T T T T T T

20 21 22 23 24 25 26 27 28 29 30
Frequency (GHz)

20 21 22 23 24 25 26 27 28 29 30
Frequency (GHz)

Figure 10. Absorption spectra with different polarization angles ¢:(a) waterfall plot, (b) curve plot.

the upper surface of the absorber to a positive charge. As shown in Figure 11(b), the surface
current on the bottom metal plate flows in the direction indicated by the arrow, which can
be equivalent to the existence of a negative charge on the metal bottom plate of MSA 2.
Therefore, the upper and lower surfaces can be regarded as electric dipoles, forming a mag-
netic resonance between them. This magnetic resonance will be coupled with the external
incident EMW so that the energy of the incident EMW will be wasted in the dielectric sub-
strate. A similar phenomenon can be seen in Figure 11(c) and (d). Obviously, it is shown
that the top and bottom layers can be regarded as electric dipoles capable of generating
magnetic resonances, thereby dissipating the energy of incident EMW.

On this basis, the EMW loss mechanism of the MSA 2 is further studied. Figure 12 shows
the lossy and lossless time-consuming absorption spectra of the dielectric substrate. In
addition, the energy loss density maps of the upper surface at the frequency points 22.24
and 23.13 GHz are also given in Figure 13(a) and (b), respectively. When the dielectric sub-
strate (FR-4) is lossless, there is only one absorption peak whose absorption is close to 1,
followed by a significant decrease in the absorption performance of MSA 2 without broad-
band absorption. Therefore, there is no doubt that dielectric substrate loss is one of the
capital sources of absorption.
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Figure 11. The electric field and surface current diagrams of the upper surface of the MSA 2 at different
frequency points: (a) electric field diagram at frequency point 22.24 GHz, (b) surface current diagram
at frequency point 22.24 GHz, (c) electric field diagram at frequency point 23.12 GHz, (d) electric field
diagram at frequency point 23.12 GHz, (d) surface current diagram at 13.73 GHz.
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Figure 12. Absorption spectra of MSA 2 with different dielectric loss.
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Figure 13. The energy loss density diagrams of the upper surface of MSA 2 at different frequencies: (a)
energy loss density diagram at 22.24 GHz, and (b) energy loss density diagram at 23.12 GHz.

Table 3. Comparisons between this work and reported broadband MSAs.

Operating regime Relative

Reference Size Thickness and performance bandwidth

[43] 24 um x 24 um 40 nm 105-114THz, Ac > 90% About 8.2%
[44] 40 mm x 40 mm 6 mm 7.3-8 GHz, Ac > 90% About 9.2%
[45] 6mm x 6 mm 2.2mm Around 6.2-8 GHz, Ac > 90% About 25.3%
[46] 332 um x 332 ym 114 um 0.565-0.578 THz, Ac > 90% About 22.7%
[47] 28 ym x 28 pm 53 pum 3.5-4THz, Ac > 90% About 13.3%
This work 36 mm x 36 mm 1.5mm 21.11-28.08 GHz, Ac > 90% About 28.3%

As can be seen from Figure 13(a) and (b), the energy loss of incident EMW is mainly dis-
tributed on the inner side of the spiral structure. In contrast with the energy loss density at
the frequency point 22.24 GHz, the energy loss at the frequency point 23.12 GHz is lower,
indicating that the MSA consumes more electromagnetic energy at low frequencies. Based
on the above analysis and consideration, the energy of the incident EMW is mainly lost by
the solid plasma resonance unit on the surface of the dielectric substrate and the dielectric
substrate.

Finally, in order to highlight the novelty of this work more clearly, the previously reported
absorbent devices are summarized and listed in Table 3 for comparison. In this paper, a
diverse approach that the realization of broadband MSA is via the combination of four
distinct cell structures is taken.

4. Conclusion

In this work, a double narrowband MSA with solid plasma based on a single spiral structure
is firstly proposed, and its absorption rate is higher than 90% in both the 19.60 ~ 20.21 GHz
and 23.08 ~25.55 GHz frequency bands. Through the continuous optimization of the
design scheme, a broadband absorber composed of four spiral structures of different sizes
is finally designed. When the absorption rate is higher than 90%, the absorption frequency
domain of the MSA can cover from 21.11 to 28.08 GHz, and the RB is 28.3%. In addition, in
the process of in-depth discussion of parameters, several key parameters such as the ratio
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of the single-spiral MSA, the thicknesses of the dielectric layer, and solid plasma are also
discussed. By analyzing the electric field distribution, surface current, and energy loss dia-
grams of the MSA, the results show that the energy loss of the MSA for EMW is mainly caused
by the dielectric and magnetic resonances. The process of optimization also provides a
new way to extend the BW of other MSAs of similar structures. Compared with traditional
devices, the proposed MSA is simple in structure, superior in absorption performance, and
the electromagnetic parameters of the material can be designed. In addition, the broad-
band MSA has extremely broad application prospects in the fields of detection, imaging,
and electromagnetic stealth.
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