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ABSTRACT With the increasing expectations of electromagnetic devices, the defects of monofunctional
devices that are susceptibly limited by external constraints are becoming more and more obvious and the
integration of multiple functions has gradually become the pursuit of researchers. In this paper, a novel
multifunctional metamaterial tailored by the solid state plasma (SSP) is proposed. By inspiring the particular
SSP resonators, such a metamaterial can be handily switched back and forth among two functions and form
three working states. When the proposed SSP metamaterial is served in State I, its function embodies as
an energy absorber and the absorption which is over 90% for TE and TM modes are 5.84-7.30 GHz and
5.41-6.34 GHz whose relative bandwidths (RBs) are 22.22% and 15.83%, respectively. States II and III
keep the same functionality of cross-polarization conversion but a distinct operating band. The polarization
conversion rate (PCR) of State II which is higher than 90% is 7.40-12.20 GHz (the RB is 48.98%) and this
operational range will be shifted to 5.71-8.47 GHz (the RB is 38.92%) after switching to State III. Compared
with the conventional tunable devices, this SSP metamaterial has the advantage of functional diversity and
it provides a new design idea of absorber and polarization converter to promote potential applications of
multifunctional devices.

INDEX TERMS Metamaterial, solid state plasma, absorber, polarization converter, tunability.

I. INTRODUCTION
The polarization state is a crucial characteristic of the elec-
tromagnetic wave (EMW) in the transmission process [1].
How to effectively manipulate polarization state has become
a focus of contemporary researches. As a functional device
to aim at this matter, polarization converter plays an essential
standing in the manipulation of EMW, which provides the
extensive potential applications in the design of circularly
polarized antennas [2], [3] and radomes [4], [5], especially
in the territories of nano photon devices [6] and advanced
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sensors [7], [8]. The conventional methods of controlling
electromagnetic polarization are generally taken birefrin-
gence effect as a foundation, which are realized by dichroic
solid crystal [9] and twisted nematic liquid crystal [10].
Such complex design processes of these conventional devices
usually lead to an ending of cumbersome volume, and the
requirements for materials and processing technology are
very demanding.

Meanwhile, absorber, as a facility that can effectively
absorb or harvest the energy of the incident EMWwith a spe-
cific wavelength and convert it into ohmic heat or other forms
of energy, emerges as the times require and owns momentous
significance to reduce the radar cross-section [11], [12] and
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further improve the stealth performance [13], [14] of the
designated target. In the current stage, the crux of the matter
is focused on how to find out an absorbing material with high
efficiency, good stability, lightweight, and thin thickness.

In recent years, metamaterials, synthetic composite struc-
tures own fantastic physical properties and functions, are
explored to manipulate the transmitting EMW [15], [16].
The emergence of metamaterials develops researchers
fresh design ideas in the field of science and technol-
ogy. The metamaterial-based polarization converters and
absorbers can effectively solve the problems as mentioned
above. In 2015, an ultra-wideband metamaterial polariza-
tion converter which can realize the linear-to-linear polar-
ization convention is presented by Gao et al. [17] and
its relative bandwidth (RB) can reach 77.11%. In 2018,
Qi et al. [18] proposed a double symmetrical W-shaped
structure to obtain reflected circularly polarized waves.
In the same year, Mishra et al. [19] used a fractal structure
to realize the absorption band enhancement. The special
sub-wavelength structure and stunning physical features of
metamaterials-based polarization converters and absorbers
not only canmake great achievements in ultra-thin andminia-
turized devices but also meet the requirements of broadband
and reconfigurable features.

However, with the increasing expectations of electromag-
netic devices, the performance of the monofunctional device
is so susceptible that its application environments are quite
restricted, which appears fatigues to meet the rapid growth of
today’s technological development. Their fixed structure will
result in a single function and an untunable operating band
so that it is hard to realize an extensive range of applications.
Therefore, the tunable multifunctional devices start to appear
on the stage due to the extraordinary adaptability to com-
plex electromagnetic environments, and as a popular material
with the excellent tunability and high integration, solid state
plasma (SSP) is pretty suitable for solving this problem.

As a popular material with the excellent tunability and
high integration, solid state plasma (SSP) is pretty suitable
for solving this problem. By applying different external bias
excitations on SSP which can be controlled by program-
ming, it behaves similarly to the metallic properties when
the concentration of the internal carrier increases to a cer-
tain extent. On the contrary, the low carrier concentration
caused by low voltage will lead the SSP to an unexcited
eigenstate with little ability to carry the EMW (equivalent
to dielectric). Therefore, the exceptional reconfigurability
can be obtained by artificially inspiring SSP with various
structures and positions [20]–[22].

In military field, electromagnetic shielding [23], [24] and
polarization manipulating [25], [26] have always been the
hot topic for researcher. For some specific scenarios, when
these two functions are both taken into account [27], [28],
especially for radome detection, electromagnetic compatibil-
ity, electromagnetic interference and anti-interference, and
other military fields. The reconfigurable design such as
compatibility of multiple functions and dynamic tuning of

operating bandwill be a inevitable trend of development. This
kind of integrated multi-functional device is extremely nec-
essary and also has great potential application value in minia-
turization design. How to integrate a variety of closely related
electromagnetic auxiliary equipment with special functions is
one of the problems that this paper attempts to explore and
solve.

In this paper, a novel multifunctional metamaterial tailored
by SSP is presented, which contains two SSP resonance
layers. After the special design, three operating states can be
realized by exciting the SSP resonators in different regions
and the proposed SSP metamaterial not only can switch
functions between absorber and cross-polarization converter
but also can obtain a tunability operating band of polarization
conversion. Such a SSP metamaterial has the advantages
of wide bandwidth, multiple functions, and flexible design,
which provides a new idea for the design and development of
multifunctional devices with miniaturization.

II. STRUCTURE DESIGN
The schematic configuration of the unit cell for the pre-
sented SSP metamaterial is given in Fig.1. As shown in
Figs.1(a) and (b), the proposed SSP metamaterial contains
two SSP resonance layers. The first resonant layer con-
sists chiefly of a pair of L-shaped SSP resonators and an
Archimedean spiral SSP resonator. As for the second resonant
layer, another pair of L-shaped SSP resonators and a reverse
Archimedean spiral SSP resonator are involved. The radius
ratio α (the ratio of the final radius to the initial radius
before and after spiral rotation) and the turns number N of
two helical SSP resonators are 5.8 and 5, respectively. The
L-shaped SSP patched on each layer are symmetrical to each
other along the diagonal. There are two FR4 dielectric layers
embedded among the copper film and two SSP resonance
layers with the relative permittivity of 4.3 and the dielectric
loss tangent of 0.025. The unit cell of such a multifunctional
SSPmetamaterial is periodically tiled on the copper filmwith
the conductivity of 5.8× 107 S/m, and the detailed structural
parameters can be inquired in Table 1.

TABLE 1. The structural parameters of the proposed SSP metamaterial.

By electric stimulating the high resistivity semiconduc-
tor films with various configuration coated proactively on
the dielectric surface, the surface PIN (S-PIN) diodes are
excited to form the collective effect characteristics of plasma
when the charge carrier reaches sufficient concentration,
which is so-called the SSP. By selectively applying the bias
voltages, the SSP in different regions will be excited to
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FIGURE 1. Schematic views of the unit cell for the proposed SSP
metamaterial: (a) the side view of the unit cell, (b) the front view of the
unit cell, (c) the diagrammatic sketch in State I, State II and State III,
(d) the feeder arrangement of the unit cell, and (e) The electrode
arrangement of the periodic array.

exhibit metal-like properties, thus realizing the tunability.
By learning from the relevant literature [26], [29] excitation
methods adopted for periodic structure and deriving inspi-
ration from it, the schematic configuration of the conduct-
ing embodiment is presented in Figs.1 (d) and (e). For the

FIGURE 2. The comparison results with and without the feeder
arrangement.

periodic structure, the positive and negative slender metal
electrodes are alternately set on the left and right sides of
each unit cells, and each solid state plasma resonator can
be powered by the uniform voltage applied at the edges of
the periodic array. In detail, some through-holes are drilled
in the specific position of the second layer dielectric for the
introduction of the feeders to inspire the solid state plasma
resonators in the intermediate layer. The feeder arrangements
of an adjacent unit cell along the horizontal direction are sym-
metrical to each other, but the same in the vertical direction.
Due to the need of expensive cost and precise experimental
environment, the reconfigurability of solid-state plasma for
multi-functional devices is explored in theory without the
experimental validation. The comparison results with and
without the feeder arrangement are shown in Fig. 2. We can
see that the two curves are basically consistent in each states.
The deviation in the details brought by the feeder arrange-
ment is inevitable, but on the whole, we can still draw the
conclusion that the proposed multi-functional metamaterial
can achieve efficient tunability and the results have been as
close to the reality as possible.

After the special design, we can see clearly from Fig.1(c)
that three operating states can be realized by exciting the
SSP resonators in different regions (for a more distinctive
demonstration, the second dielectric layer is hidden and the
uninspired SSP resonators are faded). On the one hand,
when only two helical SSP resonators with opposite rota-
tions are excited, such a SSP metamaterial can act as an
energy absorber and this case is called State I. On the
other hand, if merely two L-shaped SSP resonators located
on the first dielectric layer are inspired (such a case is
named State II), the function of our design is switched to
realize the cross-polarization conversion. Further, based on
State II, when two L-shaped SSP resonators on the sec-
ond layer are also motivated (we call this case State III),
the corresponding operating band will be shifted to the
low-frequency region while holding on the function of
State II.

205648 VOLUME 8, 2020



L. Zeng et al.: SSP Multifunctional Metamaterial and Its Application for Energy Absorbing

FIGURE 3. The absorption, co-reflection, cross-reflection, total reflection,
and transmission spectra of the proposed SSP metamaterial in State I:
(a) TE mode, and (b) TM mode.

The permittivity of SSP is frequency-dependent which
can be described by Drude model εp(ω) = 12.4 − ωp/
(ω2
+ jωωc) [20]–[22]. The plasma frequency of two helical

and four L-shaped SSP patches are ωp1 = 2.9 × 1014 rad/s
and ωp2 = 1.2 × 1015 rad/s, respectively. The collision fre-
quencies of all SSP resonators are ωc = 1.65× 1013 1/s. The
Master/Slave boundary conditions are used in both the x and
y directions to simulate periodic distribution, and the incident
EMW is propagated along the -z-axis and illuminated the
presented SSP metamaterial. The TE mode means that the
electric field andmagnetic field is along the y-axis and x-axis,
respectively, and the directions of TM mode electric field
and magnetic field are exactly opposite. All the following
results in this paper are computed by the software HFSS
(High Frequency Structure Simulator developed by Ansoft).

III. NUMERICAL RESULTS AND DISCUSSION OF STATE I
The first to come is the configuration introduction of State I.
Thanks to the continuous ground copper coating, none inci-
dent EMW can be pierced through the double helix energy
absorber. As a result of this, the derivation formula of the
frequency-dependent absorption is obtained which can be
written as A(ω) = 1 − R(ω) − T (ω) = 1 − R(ω) = 1 −
|S11|2, where A(ω), R(ω) (i.e. |S11|2) and T (ω) are absorption,
reflectivity, and transmissivity, respectively. Figs.3(a) and (b)

depict the transmission, co-reflection, cross-reflection, total
reflection, and absorption performances of such an absorber
for the TE and TMmodes, respectively. The simulated results
show that absorption bands which higher than 90% are
located at 5.84-7.30 GHz for TE mode, and 5.41-6.34 GHz
for TM mode, whose RBs are 22.22% and 15.83%, respec-
tively. We can notice that the cross-reflection coefficient
keeps a very weak value below 0.1 throughout, and this is
attributed to the 180 ◦ reverse configuration of two spiral
resonators, which will effectively reduce the phenomenon of
cross-polarization conversion.

FIGURE 4. The electromagnetic field intensity distributions of the
proposed SSP metamaterial at 6.23 GHz in State I for TE mode:
(a)-(c) the distributions of |Hx |, (d)-(f) the distributions of |Hz |, and
(g)-(i) the distributions of |Ey |.

FIGURE 5. The electromagnetic field intensity distributions of the
proposed SSP metamaterial at 6.23 GHz in State I for TM mode:
(a)-(c) the distributions of |Ex |, (d)-(f) the distributions of |Ez |, and
(g)-(i) the distributions of |Hy |.

To get a deep-going comprehension of the energy
absorption mechanisms for TE and TM modes in State I,
the electromagnetic field intensity distributions at 6.23 GHz
are displayed in Figs.4 and 5, where the illustrations on the
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left describe the schematic of the two resonant layers and
the cross-section. Based on our definition of TE polarization
mode, its effective non-zero field components are considered
to be Hx, Hz, and Ey. In contrast, the non-zero field compo-
nents of TM polarization mode are corresponded to be Ex,
Ez, and Hy, respectively. As exhibited in Figs.4(a)-(c), the
magnetic field intensities |Hx| are generated on the SSP-air
and SSP-dielectric interfaces, and mainly localized in various
arcuate gaps formed by the spiral itself, which show strong
capacitive characteristics C. But there are some differences
in Figs.4(d)-(f), the magnetic field resonances |Hz| mainly
occur at SSP-air interface and concentrated on the SSP helix
resonators, which result in the effects of inductances L. Under
this circumstance, an LC equivalent circuit can be constructed
to investigate the absorption mechanism [30], [31], and thus,
the radius ratio α and helical width c will be discussed in
detail later to adjust the values of capacitance and inductance
of the equivalent circuit. Figs.4(g)-(i) reveal the electric field
distributions of |Ey| and we found that |Ey| are primarily
located at the first SSP layer and a small amount in the second
SSP layer. It is noteworthy that |Ey| also has a certain amount
of distribution in the dielectric layer between two SSP helix
structures, and that means the EMWs will be reflected back
and forth in this dielectric to cause energy dissipation. The
analysis for TM polarization field components |Ex|, |Ez| and
|Hy| in Figs.5(a)-(i) take no need to go into details due to the
similar principle explanation as mentioned above.

FIGURE 6. The surface current distributions on two spirals at 6.21 GHz
and 6.83 GHz: (a)-(b) At 6.21 GHz, and (c)-(d) At 6.83 GHz.

Furthermore, the physical mechanism elaborated by the
surface currents at 6.21 GHz and 6.93 GHz in State I have
been discussed in Figs.6(a)-(b) and Figs.6(c)-(d), where the
main localization and the flow directions have been marked
by red arrows. We can see that the surface currents are
mainly accumulated at the edges of the spiral arm, which
is basically corresponded to the distributions of the electro-
magnetic field. It is noteworthy that the antiparallel surface

current pairs are observed in adjacent spiral arms. With the
enlargement of frequency, it can be found that the main con-
tribution of the antiparallel surface current pairs are gradually
extended from the central region of the spiral to the whole.
Meanwhile, by combining the analysis of the electric field,
magnetic field and loss density distribution in the revised
manuscript, the effective coupling resonance has been veri-
fied between the two helices, which leads to the broadband
energy absorption.

FIGURE 7. The power loss density distributions of the proposed SSP
metamaterial at 7 GHz in State I: (a) for TE mode, and (b) for TM mode.

To get a more intuitive and clear cognition of the generative
principle and distribution location of the energy dissipation,
the power loss density distributions of the proposed SSP
metamaterial at 7 GHz in State I for TE and TM modes are
illustrated in Fig.5. Whether for TE or TM mode, the distri-
butions of power loss density indicated in Figs.7(a) and (b)
keep a general resemblance with small differences. It can
be seen that the energy loss vectors are concentrated on the
spiral structures in quantities, and the rest of the SSP res-
onators without excitation are acted like a dielectric. From the
cross-section at the center, the losses are essentially localized
in two spiral SSP resonators, but it should be noted that
there is a part of consumptions permeating in two dielectric
layers, especially the upper one. Therefore, the EMWwill be
reflected back and forth among two dielectric layers and the
ground copper coating, repeatedly, which leads to the Fabry-
Perot-induced mode absorption resonance.

To further understand the individual contributions of the
top and bottom layer in the absorbing state. The reflection
and absorption of State I have been simulated in Fig.8 when
only the first spiral resonator or the second spiral resonator
is excited. On the one hand, we can see that only a narrow
bandwidth of absorption can be realized from 6.02 GHz to
6.28 GHz when only the first spiral is excited. But on the
other, when only the second spiral is excited, the influence of
asymmetric structure begins to show some embodiment and
the cross-polarized reflection has reached about 20%. There-
fore, the upper and lower spiral resonators are inspired simul-
taneously to produce a broadband absorption effect.When the
two spiral resonators are vertically cascaded with each other,
the interlayer coupling effect takes the dominant position,
thus sublimating the individual electromagnetic response
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FIGURE 8. The individual contributions of reflection and absorption in State I: (a) Only the first spiral resonator is excited, and
(b) Only the second spiral resonator is excited.

FIGURE 9. The equivalent circuit models and calculation results of single-layer spiral structure and double-layer spiral structure: (a) Single-layer
spiral structure, and (b) Double-layer spiral structure.

caused by a single spiral resonator. Meanwhile, the results
also prove that the 180 ◦ reverse configuration of two spi-
ral resonators will effectively reduce the cross-polarized
reflection.

Meanwhile, we construct the equivalent circuit model for
the absorber state. First, we start with the single-layer spiral
structure and the equivalent circuit model and calculation
results are shown in Fig.9(a). By referencing the procedure
and equations of the shunt inductive reactance and the capac-
itive susceptance in literature [32], the values of equiva-
lent inductance(L1), capacitance(C1), and resistance(R1) are
determined as 15.857 nH, 29.9 fF, 53.6�, respectively. It can
be seen from the Fig.9(a) that the S-parameter curves cal-
culated by HFSS full-wave simulation and equivalent circuit
model simulation are more consistent in terms of the resonant
position and intensity. However, due to the sinuosity and
complexity of the spiral structure itself, a certain mutual
inductance coupling effect will be brought by the spiral struc-
ture, which leads to the deviation of the S-parameter in the
high-frequency region. Such a phenomenon is more obvious
in the double helix structure. The equivalent circuit model
and calculation results of the double-layer spiral structure are

TABLE 2. The equivalent circuit parameters.

shown in Fig.9(b) and the details of equivalent component
parameters are enumerated in Table 2. Although there is a
certain deviation in the depth of resonance, the integrity and
consistency of the frequency region with S parameter less
than -10 dB are guaranteed as much as possible.

Causing the dependence on the incident angle (IA) is
a key factor to evaluate the performance of an absorber,
we investigate the effects of various IAs on the absorp-
tion spectra for TE and TM modes, which summarizes in
Figs.10(a) and (b), respectively. As depicted in Fig.10(a),
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FIGURE 10. The absorption spectra of the proposed SSP metamaterial
various with different IAs in State I: (a) for TE mode, and (b) for TM mode.

the absorption bandwidth above 0.9 is maintained invariant
under TE mode when the IA rises from 0 ◦ to 40 ◦. As the IA
continues to increase, a slight deterioration will happen in the
central area of the operating band. But this deterioration is so
tardy that the overall absorption remains above 0.8 in the band
of 5.85-7.3 GHz when the IA reaches 55 ◦. For TM mode,
as displayed in Fig.10(b), the same IA threshold for TMmode
to keep the band (above 0.9) generally unchanged is 50 ◦.
Until the IA exceeds 70 ◦, the absorption band is holistically
dropped below 0.8. For both polarization modes, with the
enlargement of IA, there is almost no obvious blueshift or
redshift for the overall absorption band, which possesses
great potential application value on many occasions. In sum-
mary, a prominent large-IA operating capabilities is proved
by Figs.10(a) and (b), and such robustness is determined
by the stability characteristic brought by Archimedes spiral
structure itself [33].

In terms of the optimization ideas of structural parameters
as described above, the relationships between the absorption
performance and parameters α and c under TE mode are
presented in Fig.11. As shown in Fig.11(a), by the regu-
lating radius ratio α, the width of the internal gap of the
spiral can be adjusted. When α is changed from 5.4 to 6.0,
the RBs of the absorption frequency ranges are simulated to
be 20.29%, 21.69%, 22.2%, and 21.8%, respectively, which

FIGURE 11. The absorption and S parameter spectra of the proposed SSP
metamaterial under TE mode various with different parameters α and c in
State I: (a) α = 5.4,5.6,5.8 and 6.0, and (b) c = 0.34 mm, 0.44 mm,
0.54 mm and 0.64mm.

shows a trend of ascending first and then descending. The
similar phenomena can be observed from the optimization
of spiral width c (see Fig.11(c)). When c is increased from
0.34 mm to 0.54 mm, the operating band presents a tendency
of muted growth and declines suddenly at 0.64 mm. In gen-
eral, the selection scope of c seems to be more abundant.
From Fig.11(b), we can see that two adjacent resonance
points of S parameter gradually separate, and at the same
time, the overall working frequency band tends to shift to the
low-frequency region. Similar phenomena can be seen from
the Fig.11(b), the increase of c will mainly affect the intensity
of resonant frequencies, and then drive the position change of
resonant frequencies. In essence, the changes of parameters
α and c will lead to the changes of equivalent inductance
and capacitance of the spiral structure itself, resulting in the
adjustment of the S parameters and the absorption efficiency.
After the overall consideration of bandwidth and absorptiv-
ity, the optimal absorption band is finally identified to be
5.84-7.30 GHz with the RB of 22.2% when α = 5.8 and
c = 0.54 mm.

IV. NUMERICAL RESULTS AND DISCUSSION OF STATE II
AND STATE III
Since State II and State III perform the same function,
the following are their unified introductions. Taking the
incident wave with an electric field along the y-axis as
an example, Fig.12 clearly shows the physical mechanism
of cross-polarization conversion. The incident electric field
can be decomposed into two mutually orthogonal compo-
nents Eiv and Eiu, as the formula (1) indicates. Similarly,
the reflected wave is expressed as formula (2), where ruu and
rvv are defined as the reflected coefficients on u and v axis,
respectively.

−→
Ei =

−→u Eiuejϕ +
−→v Eivejϕ (1)
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FIGURE 12. The intuitive schematic configuration of the presented SSP
metamaterial in State II and State III.

−→
Er =

−→u ruuEruejϕ +
−→v rvvErvejϕ (2)

When ruu and rvv are roughly equal and their corresponding
phase difference1ϕ is approximately around 180 ◦, the elec-
tric polarization direction of the reflected wave will be rotated
to the x-axis.

In Figs.13(a) and (b), the reflected amplitudes ruu and rvv
and phase difference 1ϕ when u-polarized and v-polarized
wave impact perpendicular to the proposed SSPmetamaterial
in State II and State III are plotted. As we expected, two
conversion conditions as mentioned above are both satisfied,
which can be seen in Figs.13(a) and (b), and the capabilities
to realize the cross-polarization conversion in State II and
State III are also preliminarily proved.

The reflected amplitudes rxy and ryy for the normal inci-
dence of y-polarized waves in State II and State III are
displayed in Figs.14(a) and (b), respectively. Through the
equation of PCR= r2xy/(r

2
xy + r2yy + t2xy + t2yy), the curves of

PCR in State II and State III are given in Fig.15. The operating
frequency ranges of State II and State III are 7.4-12.2 GHz
(its RB is 48.98%) and 5.71-8.47 GHz (its RB is 38.92%),
respectively. Compared such two PCR curves with each other,
the total operating frequency range of cross-polarization con-
version can cover almost all the whole C and X bands by
manual switching based on actual application requirements.

To better understand the physical principles of the cross-
polarization convention in State II and State III, the surface
current distributions are plotted in Figs.16(a) and (b), respec-
tively. We can comprehend that the currents (marked by 1,
2, 4, and 5) on the L-shaped SSP resonators are opposite
to those currents (marked by 3, 4, 6, and 7) on the bottom
copper reflector. This case will lead to the generation of mag-
netic resonance, and the simultaneous existence of multiple
magnetic resonances is exactly the main cause of broadband
characteristics.

The cases of oblique incidence for State II and State III
are also included in the investigation and the illustrations
of Figs.17(a) and (b) present the PCR spectra various with

FIGURE 13. The reflected amplitudes and phase difference of the
presented SSP metamaterial in State II and State III when the electric
field along u and v axis: (a) State II, and (b) State III.

different IAs to us. As we can see from Fig.17(a), the oper-
ating bandwidth in State II only shows a tendency of slow
coarctation, and PCR is almost kept over 0.9 when the value
of IA is less than 30 ◦. Once IA is exceeded such a value, two
obvious dips will appear in the frequency band while PCR
decreases abruptly. Turn the attention to Fig.17(b), the entire
working band will be split into two pieces when IA increases
over 30 ◦. The PCR in the low-frequency region will remain
as efficient as possible, while a significant deterioration will
occur in the high-frequency region.

Also for State II and State III, the effects of structural
parameters on PCR are taken into the discussion. In Fig.18,
the alteration of arm width d of the L-shaped SSP resonators
on the first resonant layer is started from 1.6 mm to 2.8 mm in
State II. It can be seen from the Fig.18(b) that the co-polarized
coefficient gradually decreases while two main resonance
points drew closer. Accordingly, there is an enlarging trend in
the cross-polarized amplitude, as shown in Fig.18(c), and this
leads to the gradual optimization of PCR, which is embodied
in the mergence of two separate PCR bands. The optimal
operating band is available to be 7.4-12.2 GHz when d is set
to be 2.4 mm.

Based on State II, the excitations of the L-shaped SSP
resonators on the second resonance layer can lead to the
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FIGURE 14. The reflected amplitudes of the proposed SSP metamaterial
in State II and State III for the normal incidence of y-polarized wave:
(a) State II, and (b) State III.

FIGURE 15. The PCR curves of the proposed SSP metamaterial in State II
and State III.

shifting of the working band to the low-frequency region.
Therefore, the arm width a of the L-shaped SSP resonators
on the second resonant layer is deliberated in Fig.19(a), and
it can be found that although the effect of a is inferior to
that of d , the operating bandwidth still exists the trend of

FIGURE 16. The surface current distributions of the proposed SSP
metamaterial: (a) at 10 GHz in State II, and (b) at 5.93 GHz in State III.

FIGURE 17. The PCR spectra of the proposed SSP metamaterial various
with different IAs in State II and State III: (a) State II, and (b) State III.

increase first and then decrease with the increasing of a.
Similar phenomenons can be found in the Figs.19(b) and (c).

The alteration of the dimension of L-shaped solid state
plasma resonators will affect the surface current distribu-
tions, which is one of the main reasons for the fluctuation

205654 VOLUME 8, 2020
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FIGURE 18. The co-polarized coefficient, cross-polarization coefficient
and PCR spectra of the proposed SSP metamaterial various with different
parameters d in State II: (a) PCR, (b) Co-polarized coefficient, and
(c) Cross-polarized coefficient.

FIGURE 19. The co-polarized coefficient, cross-polarization coefficient
and PCR spectra of the proposed SSP metamaterial various with different
parameters a in State III: (a) PCR, (b) Co-polarized coefficient, and
(c) Cross-polarized coefficient.

of reflection amplitudes. After comprehensive consideration
of such two states, a = 1.7 mm and d = 2.4 mm is a good
choice for both higher PCR and wider bandwidth.

V. CONCLUSION
In summary, an obvious means of regulation has been
explored and utilized to design a multifunctional SSP meta-
material in this paper. By selectively exciting SSP resonators
in different regions, the presented design is controlled to
generate three operating states and realize two functions (the
absorber and the cross-polarization converter). When the pro-
posed SSPmetamaterial is operating in State I, the absorption
which is higher than 0.9 for TE and TM modes are situated
in 5.84-7.30 GHz and 5.41-6.34 GHz, and their RBs are
22.22% and 15.83%, respectively. When such a SSP meta-
material is switched to State II, the cross-polarized wave con-
version can be obtained in 7.4-12.2 GHz (the RB is 48.98%)
where the PCR is above 0.9. As an extended state, the shifting
phenomenon of the operating band to the lower-frequency
region can be realized in State III and the corresponding PCR

is shifted to 5.71-8.47 GHz whose RB is 38.92%. The influ-
ences of electromagnetic field distributions, IA dependence,
and structural parameters on this designed metamaterial are
included in the process of discussion. This tunable feature
enables us to face more complex application environments,
which has tremendous research value.
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