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A Multifunctional Polarization Converter Base on
the Solid-State Plasma Metasurface

Yu-Peng Li, Hai-Feng Zhang , Tong Yang, Tang-Yi Sun, and Li Zeng

Abstract— A novel multifunctional polarization converter (PC)
based on the solid-state plasma (SSP) is proposed, which can
switch two functions and adjust the working band. By ener-
gizing different parts of SSP resonators, the presented PC can
accomplish three different operating states. In the state 1, this PC
can operate in 6.12-9.50 GHz and the relative bandwidth (RB) is
43.3%, which can achieve the aim of the linear-to-circular polar-
ization conversion (LCPC). In the state 2, the cross-polarization
conversion (CPC) can be achieved in 4.62-8.34 GHz (the RB is
57.4%). Besides, in the state 3, such a PC can be implemented
within a 7.92-10.34 GHz working band of CPC (the RB is 26.5%).
All in all, the proposed PC can realize the function switchover
between LCPC and CPC, and the operating bands of the CPC
can be shifted flexibly between the states 2 and 3. The proposed
PC has great potential values in antennas, imaging systems,
electromagnetic devices and so on.

Index Terms— Cross-polarization conversion, linear-to-circular
polarization conversion, solid-state plasma, tunability.

I. INTRODUCTION

POLARIZATION converter (PC) is a kind of
functional devices that can polarize the incident

electromagnetic (EM) wave in the direction [1]. In general,
due to the different impedance matching characteristics, the
EM wave incidents on the surface of the object will produce
two parts: reflection wave and transmission wave. Therefore,
the PCs can be divided into the reflection PCs and transmission
PCs. Because of the difference of phase and amplitude,
the incident linear-polarized wave (PW) is invariably reflected
into three categories which are cross-polarized wave, circular
PW and elliptical PW, respectively, and it leads to three
functions of reflective PCs (cross PC, linear-to-circular PC
and linear-to-elliptical PC) [2]–[4]. Besides, the cross PC
and linear-to-circular PC are not only widely utilized in the
propagation of EM waves but also possessed a significant
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application value in the domain of nanometre photonic devices
and antennas as well [5]–[7]. Up to this day, it is of common
occurrence to explore various design schemes of PC already.

For the rapid development and widespread use of metamate-
rials, the bulky size problem of conventional PCs is gradually
overcoming. Metamaterial, as an artificial composite periodic
structure, possesses many extraordinary physical properties
other than the natural materials [8]–[11], such as negative
refractive index and negative dielectric constant. The regu-
lation of equivalent dielectric constant and permeability can
be achieved by designing the different resonators. At present,
researchers have already implemented the polarization regula-
tion of EM waves through metamaterials [12]–[14].

In recent years, a growing number of PCs have been
proposed in succession. In 2016, a PC with a cross-shaped
structure working at microwave band was designed by
Zhang et al. [15], the cross-polarization conversion (CPC)
can be implemented in the band of 8.1-13.8 GHz. However,
its polarization conversion rate (PCR) is not high, reaching
only about 80%. In 2017, a dual U-shaped PC was proposed
by Mei et al. [16], which acquires a wider bandwidth of
PCR (above 0.9) and better polarization conversion compared
with the proposed PCs in Ref. [15]. However, most PCs
can just achieve a single state or operate in a fixed band
in such designs at present. In response to those shortages,
Zeng et al. [17] designed a band-adjustable PC by using the
solid-state plasma (SSP) in 2019. Thus, the operating band can
be switched between 8.81-14.34 GHz and 14.34-19.61 GHz
by exciting the bias voltage across the SSP resonators.

Generally speaking, the collective effect of charge carriers
in solids is called the SSP effect [18]–[20]. For some spe-
cific materials, when the charge carrier concentration reaches
a certain condition (the carrier concentration ranges from
1012 cm−3 to 1019 cm−3) [21], it can express the characteris-
tics of SSP. However, the carrier concentration can be adjusted
by adding the bias voltage at both ends of the SSP resonators,
and then the conversion between metallic and nonmetallic
features of the resonance units can be realized [22]–[25].

Although the design of Zeng et al. [17] has realized the
tunability of operating band preliminarily through the SSP,
the conversion between functions has not been achieved.
Hence, we propose a multi-function PC based on the SSP
metasurface and three working states can be obtained by
energizing different SSP resonators. When only the cross
portion resonator located at the central area is activated (the
state 1), the linear-to-circular polarization conversion can be
obtained in 6.12-9.50 GHz with a relative bandwidth (RB)
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TABLE I

COMPARISON WITH OTHER REFLECTION POLARIZATION CONVERTERS

of 43.3%. If all parts exclusive of the inner small arcs are
excited (the state 2), the CPC can be performed with a RB
of 57.4 %, which covers 4.62-8.34 GHz. The RB of state
3 which excites all parts exclusive of the outer big arcs is 25.6
%, whose operating band is 7.92-10.34 GHz. The proposed
device fairly achieves two tunable modes of bandwidth transfer
and function conversion.

Besides, more instances can be sought out to bear out the
strong points of this project, and some of them are listed
in Table.1. Most PCs in existence can perform one pattern
of polarization conversion simply, such as references [26]
and [27] which can implement CPC and LCPC within 12.40-
27.96 GHz and 28.0-31.5 GHz respectively. Compared with
above, PCs that can carry out the band shifting are more
advantageous, as mentioned in [28], LPCP can be achieved in
bands 18.88-32.86 GHz and 32.42-42.82 GHz by utilizing the
gravity field technology. Besides, under one state, the design in
[29] can realize CPC and LCPC in different bands. In a sense,
this PC can realize the multi-function passively, but it cannot
achieve the free regulation. However, compared to the above
documentations with our present study again, it is lucid that the
merits of our project are not only the function switching but
also the band transfer. Based on what we knew, it is uncommon
to achieve two types of switching and three states on one
design, compared with the majority of PCs which possess
single regulation means merely or no tunability, the utmost
superiority of the proposed project is that the control means are
diverse, so that it can adapt to more types of EM environment.

II. THEORETICAL MODEL

Fig.1 is a schematic diagram of the proposed PC which is
based on the SSP metasurface. As displayed in Fig.1, the PC
is composed of a top resonator layer and a bottom metal
reflector, which is separated by a substrate layer in the middle.
The bottom layer is a rectangular reflector of copper with the
conductivity of 5.8 × 107S/m. The dielectric substrate on the
second layer is F4B with a dielectric constant of 2.2 and a
loss tangent of 0.0002. The top layer is made up of SSP
units whose permittivity can be described by a Drude model
εp(ω) = 12.4ωp/(ω2 + jωωc) [30]. The related parameters of
SSP are plasma frequency ωp and the collision frequency ωc,
and the values of them are 2.9×1015 rad/s and 1.65×1011 1/S,

Fig. 1. Schematic diagrams of the proposed PC: (a) the front view of the
unit cell, (b) the diagrammatic sketch in states 1 and 2, and (c) the side view
of the unit cell.

respectively [30]. The resonators of the top layer take a couple
of hollow sectors, a pair of L-shaped SSP patches and a
couple of parallel SSP strips as the principal structure. The
specific parameters and values for the proposed PC are given
in Table.2. All the results are carried out under the commercial
simulation software HFSS. The EM wave is incident to the PC
along the z-axis perpendicularly. Besides, the direction of the
electric field of EM wave is along the y-axis.

Utilizing the principle of SSP, we can attain three states
by exciting different resonance units, the specific excitation
circumstances are displayed in Fig.1(a). It is called the state
1 when merely the internal large cross unit is energized.
However, based on the state 1, state 2 is a condition in which
a pair of L-shaped patches, a couple of parallel strips and
outer arcs are newly charged up, and the difference between
the state 3 and state 2 is that the outer arcs are replaced by
the inner arcs.

III. NUMERICAL RESULTS AND DISCUSSION

Generally, two indexes called the PCR and axial ratio (AR)
are usually adopted to measure the quality of cross PC and
linear-to-circular PC. The essence of polarization conversion is
the conversion of electric field intensity in different directions,
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TABLE II

THE PARAMETERS OF THE PROPOSED PC

and the PCR can reflect the characteristics of polarization
conversion by calculating the reflection and transmission
amplitudes, directly. For good performance, PCR should fit
well to 1 when there is no absorption and diffraction, also,
the part of PCR>0.9 is usually referred to as the working
band in the industry. The formula for PCR is as follows [31]:

PC R = T 2
yx

T 2
yx + T 2

xx + R2
yx + R2

xx
(1)

Furthermore, by combining amplitudes and phases, AR is a
better choice to describe the performance of linear-to-circular
PC. Normally, the operating band with AR<3 dB is called
the portion with good polarization conversion. The specific
calculation formula is as follows [32]:

AR =10×log10
(E1cosτ + E2cosϕsinτ )2 + E2

2sin2ϕsin2τ

(E1sinτ + E2cosϕ cos τ )2 − E2
2sin2ϕ cos2 τ

(2)

in which

τ = 1

2
arctan(

2E1E2 cos ϕ

E2
1 − E2

2

) (3)

and

E1 = S//
21, E2 = S⊥

21 (4)

The analysis of the state 1 is revealed in Fig.2. The reflection
amplitude curves (red curves) and phase difference curve
(blue curve) of PC are described by Fig.2(a) when the EM is
incident vertically. In the operating band (6.12-9.50 GHz) of
state 1, the reflection amplitude curves are mostly approached
to each other while the phase difference is maintained at an
odd number times of 90◦. Thus, the conditions of linear-to-
circular polarization conversion (LCPC) are satisfied. Also,
it can be seen from Fig.2(a) that the value of AR is less than
0.3 in the frequency band of 6.12-9.50 GHz in the state 1,
whose RB is 43.3%.

The schematic diagrams of PC in the latter two states
are revealed in Fig.3. In Figs.3(a) and (b), the reflection
amplitude curves of the states 2 and 3 are expressed by
the red curves when the EM incidents along u-axis and
v-axis, while the blue curves describe the reflection phase

Fig. 2. Analysis of the state 1: (a) amplitude and phase difference curves of
the state 1, and (b) AR curve of the state 1.

difference curves in this case. As we can see from the blue
lines of Figs.3(a) and (b), the phase difference values of the
states 2 and 3 are closed to 180 degrees in their respective
operating bands, and the red curves are fitted to each other,
which means that a 90◦ polarization rotation is well obtained.
Two calculated PCR curves are spread in Fig.3(c) where
the red solid line represents the states 2 with the operating
band of 4.62-8.34 GHz and the blue dotted line denotes the
state 3 with the band of 7.92-10.34 GHz. Obviously, the
corresponding RBs of the sates 2 and 3 are 57.7%and 26.5%,
respectively. The PCR of the two curves are stable above
0.9 in each band, which shows that the polarization conversion
effect of PC is excellent in state 2 and state 3, respectively.

To better explain the principle of the proposed PC,
the surface current diagrams of the SSP resonant units and
the copper reflector are given in Fig.4. In the surface current
diagrams of the SSP resonators, the red arrows indicate
the main current direction. In the surface current diagrams
of the copper reflector, the current direction is represented by
the black arrows, whose components can be decomposed in
the orthogonal direction of x-axis and y-axis by the different
red arrows, respectively. The surface current diagrams of
the state 1 at 7.25 GHz is exhibited in Fig.4(a), and the red
currents 1 and 2 on the SSP resonant units are opposite to the
red currents 1’ and 2’ on the copper reflector, which cause
two circulating currents. Hence, the induced magnetic field
H1 and H2 are formed by circulating currents (m1 and m2
represent the magnetic dipoles). Therefore, the electric field
E is paralleled to the induced magnetic field H1 which leads
to the emergence of polarization conversion. On the contrary,

Authorized licensed use limited to: Nanjing Univ of Post & Telecommunications. Downloaded on December 08,2020 at 10:43:44 UTC from IEEE Xplore.  Restrictions apply. 



7300107 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 56, NO. 2, APRIL 2020

Fig. 3. Analysis of the states 2 and 3, (a) amplitude and phase difference
curves of state 2, (b) amplitude and phase difference curves of state 2, and
(c) the PCR curves of the states 1 and 2.

the electric field E is perpendicular to the induced magnetic
field H2 and there is no polarization conversion generation.
Furthermore, in the light of the principle of LCPC, a more
in-depth analysis of state 1 at 7.25 GHz can be gained.
Firstly, Fig.4(b) explicitly illustrates the point that the electric
field of state 1 is concentrated at the four branches mainly.
However, from the phase spectrum of each branch in Fig.4(c),
it can be found out more clearly the phase of E takes four
successive incremental steps of 90◦, which leads to the
clockwise rotation of the electric field vector of the reflected
wave in space, and then the left-handed wave is formed.
Combining Figs.2(a) and (b) again, it can be seen that an
excellent effect of LCPC conversion can also be confirmed at
7.25 GHz, where two amplitude curves are the closest to each
other (marked by the green circle in Fig.2). According to the
phase difference (�ϕ = ϕyx -ϕx x) is +90 ◦, the emitted light
can be regarded as a left-handed circularly polarized wave.
This conclusion coincides with the result discussed above.

Fig. 4. The surface current diagrams, the electric field diagram and the phase
spectrum of E of the SSP resonant units and the copper reflector, (a) the
surface current diagrams at 7.25 GHz in the state 1, (b) the electric field
diagram at 7.25 GHz in the state 1, (c) the phase spectrum of E at 7.25 GHz
in the state 1, (d) the surface current diagrams at 4.80 GHz in the state 2, and
(e) the surface current diagrams at 10.22 GHz in the state 3.

The surface current diagrams of the state 2 at 4.80 GHz is
similar to those mentioned above, so the similar description
does not need to repeat. However, the particular note is the
current distribution of state 3 at 10.22 GHz. As revealed
in Fig.4(e), two main mutually orthogonal currents have
emerged on the SSP resonant units (the currents 1, 2 and the
currents 3, 4) which are opposite to the currents 1’, 2’ and 3’,
4’ on the copper reflector, severally. The upper and lower cur-
rents correspond mutually to form circular currents, which cre-
ate the induced magnetic fields H1,2 and H3,4(m1,2 and m3,4
represent the magnetic dipoles). Nevertheless, the induced
magnetic fields can be disassembled into the x-axis (H1,2x
and H3,4x) and y-axis (H1,2y and H3,4y) components. Thus,
the reason why there is polarization conversion in the y-axis
is that the components of the induced magnetic fields in the
y-axis are parallel to the electric field E, and the components
of the induced magnetic fields in the x-axis are in contrast.

Based on those three states, the effects of diverse incidence
angles (IA) on the AR or PCR in different states are plotted
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Fig. 5. The spectra of AR and PCR with diverse incidence angles in the
different states: (a) the AR spectra of the presented PC in the state 1 when
the IA varies from 0◦ to 50◦, (b) the PCR spectra of the proposed PC in the
state 2 when the IA runs from 0◦ to 70◦, and (c) the PCR spectra of the given
PC in the state 3 when the IA spans from 0 ◦ to 70◦.

in Fig.5, respectively. The variation of the AR in the state
1 with the IA enlarged from 0 to 50 degrees is depicted by
Fig.5(a). It can be seen from Fig.5(a) that there will be a
deteriorated frequency point at the higher frequencies, whose
range will expand with the increase of the value of IA and
move to the intermediate frequency region. Besides, the AR
of intermediate band ascends with the rise of the IA. Figs.5(b)
and (c) show the change spectra of PCR when the IA ranges
from 0 to 70 degrees, where the contour line of PCR=0.9
is depicted by the blue dashed lines. From Fig.5(b), we can
pick up the information that the operating band keeps stable
when the IA increases from 0 to 25 degrees in the state 2.
With the enhancement of the IA, the band shrinks sharply,

Fig. 6. The curves of AR and PCR when other parameters remain invariant
but only parameters a and z1 are changed, (a) the AR curves of the state
1 when a = 6.5 mm, 6.8 mm, 7.1 mm and 7.4 mm, respectively, (b) the
PCR curves of the state 2 when a = 6.5 mm, 6.8 mm, 7.1 mm and 7.4 mm,
respectively, (c) the PCR curves of the state 3 when a = 6.5 mm, 6.8 mm,
7.1 mm and 7.4 mm, respectively, and (d) the curves of PCR for the sate
3 when z1 = 2 mm, 2.5 mm, 3 mm, 3.5 mm and 4 mm, respectively.
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and it concentrates on the lower frequencies ultimately. Next,
through the analysis of Fig.5(c) which describes in the state 3,
we can conclude that there will be a worsen point at 9.2 GHz
to divide the operating band into two portions, and with the
enlargement of the IA, the scope of deterioration is expanding.
In succession, the working band is narrowing down and shifted
toward the lower frequency band when the IA is larger than
25 degrees.

The influence of structural parameters a and z1 on the AR
and PCR will be gone a step further to discuss. Among them,
Figs.6(a), (b) and (c) depict the influence of parameter a on
three states. In the state 1, the curves of AR vs. a which
increase in number with an identical span are described by
Fig.6(a), and one can see from it that AR can be lifted by the
raise of a at higher frequencies. When the value of parameter
a varies from 6.5 mm to 7.4 mm, the operating band of
AR<3 dB also diverts from 6.51-9.91 GHz to 5.23-7.11 GHz.
However, the raise of parameter a enlarges the bandwidth
of state 2 (the RB changed from 50.50 % to 71.45 %),
meanwhile, the PCR is also abated at the lower frequencies,
slightly. For the state 3, with the enlargement of parameter a,
the PCR at the lower frequencies is elevated gradually but not
significantly. So, it is an undeniable fact that the transformation
of a possessed seldom effect on the band range of PCR>0.9.
Take into account what we have discussed above, we may
safely conclude that a = 6.8 mm is the optimal value at
present through considering the bandwidth and the indexes
quality of three states. After a is determined, it is the turn for
parameter z1 to be included in our discussion. The parameter
z1 is expressed the distance between the inner ring and the
outer ring, and we only need to take the effects on the state
3 into discussion. For the state 3, z1 primarily affects the PCR
in intermediate frequency and higher frequency regions. In the
wake of the increase of z1, the two parts gradually approach
each other, and a complete continuous operating band of 7.92-
10.34 GHz is formed, ultimately. In consideration of high
conversion efficiency and the connectivity of bandwidth in
two states, z1=4 mm is considered to be the most appropriate
parameter value at present.

IV. CONCLUSION

To sum up, a multifunctional PC based on the SSP meta-
surface is presented in this paper. The proposed PC has three
operating states. In the state 1, the LCPC can be realized in
the frequency region of 6.12-9.50 GHz, whose RB is 43.3%.
In the states 2 and 3, the CPC can be obtained, and their
operating bands span from 4.62 to 8.34 GHz. and from 7.92 to
10.34 GHz, and the corresponding RBs are 57.7% and 26.5%,
respectively. Switching three working states can be realized by
exciting the different SSP resonators, thereby the functional
conversion and operating band shifting are implemented.
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