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Abstract In this paper, a high-efficiency and broadband
reflective linear polarization rotator based on anisotropic
metamaterial is proposed, which is verified by simulation
and experiment. Simulated results indicate that our design
can achieve 90° polarization rotation from 5.7 to 10.3 GHz
with the relative bandwidth of 57.5 %, which is agreement
well with experiment. The further simulated results indicate
that our design can achieve linear polarization conversion
or rotation by 90° under oblique incident angles with large
range for both transverse electric and transverse magnetic
waves. Finally, the amplitude and phase of reflective coeffi-
cients with different polarization, and surface current distri-
bution of the unit cell structure are simulated to explain the
physics mechanism of the high-efficiency and broadband
polarization rotation. Our design will provide an important
reference for the practical applications of the metamaterial
in polarization manipulation.

1 Introduction

The polarization refers to the oscillating direction of an
electric field in a plane perpendicular to the propaga-
tion direction, which is a basic and important property of
the electromagnetic (EM) waves or lights [1]. The effec-
tive manipulation or controlling of the polarization state
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is always highly desirable due to its wide applications in
wireless communications, liquid crystal display, opti-
cal data storage, and so on [2, 3]. The manipulation of the
polarization is the ability to rotate or convert the polariza-
tion state of EM radiation as it reflects or transmits through
a structure or media. The structure or media for polariza-
tion manipulation is mainly including polarizers, wave
retarders, and polarization rotators. Conventionally, ferrite
materials, grating structure, or levorotatory crystals based
on birefringence effects have been proposed and utilized
as wave plates for the polarization conversion. These wave
plates require a relative long propagation distance to obtain
enough phase accumulation, which usually suffers the
energy loss and low efficiency problem, thus limiting some
practical application. In the past decade, metamaterial
(MM) as artificial media has been paid great attention and
achieved much exotic functionality [4], such as negative
refraction [5], superlens [6], EM cloak [7], perfect absorber
[8]. The exotic EM properties mainly originate from the
subwavelength unit cell structure of the MM rather than
the intrinsic material properties, and the response strength
and spectrum of the EM waves or lights can be regulated
by changing microstructure, such as shape, size, and array
formation of MMs [4]. Thus, how to realize the effective
control and manipulation of polarization state through the
MMs design has become a new research topic [9—14].
Generally, there are two kinds of design schemes of
MMs for manipulating polarizations of lights. The first
one is chiral metamaterial (CMM) [15], which usually
operate well in transmission mode for manipulate polari-
zation [16-23]. Another one is anisotropic MMs, which
manipulates polarization in both transmission and reflec-
tion modes [11, 13, 24-27]. Compared with the conven-
tional material or structure, those MMs-based polarization
rotators or converters have some advantages, such as thin
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thickness, weight-light and also can be scaled to other EM
spectrum due to the geometry scalability. However, the
bandwidth and efficient are still main concerns that need
improvement. There are mainly two methods to broaden
the bandwidth, one of which is stacking metallic—dielectric
multilayers [28-30]. The other method is using anisotropic
high-impedance surfaces, and the operating frequency band
can be broadened by multiple plasmon resonances [24-27,
31, 32]. However, for the previous most converters or rota-
tors operated in the reflection mode, the undesirable high
co-polarization reflection severely limits the efficiency and
the operation bandwidth. To extend the functionality, the
reflective polarization rotators with broadband and high
efficient are highly desirable [26].

Here, we present design, fabrication, and characteriza-
tion of a high-efficiency and broadband reflective 90° linear
polarization rotator based on anisotropic MM at microwave
frequencies. This designed anisotropic MM comprises
an array of combination of disk and split-ring resona-
tor (named as DSRR), which is demonstrated by simula-
tion and experiment for both y- and x-polarization rotation.
Moreover, the proposed anisotropic MM still performs well
in the operation band for oblique incident waves, providing
convenience in practical applications. An underlying physi-
cal mechanism is investigated through the decomposed
electric field components that interact with the DSRRs and
the simulated surface current distribution.

2 Design, simulation, and measurement

The proposed anisotropic MM for the reflective polari-
zation rotation is consisting of an intermediate dielectric

Fig. 1 Reflective linear polari- () |
zation rotator based on DSRRs

anisotropic metamaterial: a
front view of the unit cell, b
perspective view of the unit cell,
while u- and v-axes are used to
mark the structure anisotropic
axes. ¢ The portion photograph
of the tested sample
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layer sandwiched with a top DSRR and a bottom con-
tinuous metallic layer, as shown in Fig. 1a, b. It is ben-
efit for polarization manipulation in reflection mode. The
DSRR has a symmetric axis marked by u(v)-axis along
45° direction respect to x- or y-axis as shown in Fig. 1b.
Therefore, the proposed structure can be regarded as an
anisotropic homogeneous MM with dispersive relative
permittivity and permeability. When a plane wave with
a prescribed polarization illuminates the DSRR surface,
both x- and y-polarized reflected and transmitted waves
are generated due to the anisotropic characteristics of
the designed MM [32]. The DSRR orientation is such
that incident waves with the polarization along the x- or
y-axis are rotated by 90° to their orthogonal polariza-
tion state after reflecting off the structure. We can ana-
lyze reflective polarization conversion using u, v, and z as
the orthogonal coordinate system. The optimal geomet-
ric parameters of the unit cell structure are as following:
Px=Dpy= 10 mm, 7y = 3 mm, r = 4.2 mm, w = 0.5 mm,
g = 0.8 mm, t, = 2.9 mm, o = 45°. Thus, the structure
can be avoided diffraction at the normal incidence for
frequencies up to 30 GHz.

In order to study its efficiency and gain insight into the
mechanism of the polarization rotation property of the
designed anisotropic MM, numerical simulations were per-
formed using the CST Microwave Studio based on a finite
integration method. The periodic boundary conditions are
applied to the x and y directions, and the absorbing bound-
ary conditions are applied to the z direction. In simulation,
we select the FR-4 board as an intermediate dielectric layer,
and the relative dielectric constant is &, = 4.3(1 + i0.025).
The 30-pm-thick copper film with an electric conductivity
of 0 =5.8 x 10’ s m~' is used as the metallic parts.
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To experimentally demonstrate the proposed polariza-
tion rotator, the design shown in Fig. 1b has been fabricated
with traditional print circuit board (PCB) technology. The
geometric parameters of the unit cell structure in fabrica-
tion are the same with the ones in simulation. In experi-
ment, the front and back metallic layer is 30-pwm-thick
copper film, and the middle dielectric layer is the FR-4
substrate with 2.9 mm thickness, which are the same with
simulation. Figure 1c shows the portion photographs of the
samples with an overall size of 200 x 200 mm? including
20 x 20 unit cells. The measurements were carried out
in an anechoic chamber. A vector network analyzer (Agi-
lent N5244A) connected to the two standard gain horn
antenna was used to measure the reflection coefficients of
the fabricated sample. Incident plane waves with differ-
ent linear polarizations could be generated by rotating the
horn antennas with the horizontal z-axis. To better under-
stand the polarization conversion of the anisotropic MM,

we define ry, = ‘E§|/‘E)’C > Fyx = ‘E;/E)lc > Ty = ’E)C‘/‘E)l’

Ef|/ |
simulation and experiment. Since the DSRR has the line
symmetry when it rotating 45° along x or y direction, the
co-polarization reflection coefficients of r,, and r,, and
cross-polarization reflection coefficients r,, and r,, are
equivalent, respectively. Thus, only one linear polarization
state (x-polarized or y-polarized wave) needs to be consid-
ered for the incident waves in both simulation and experi-
ment. Hence, we just consider the incident x-polarized
wave and the corresponding reflection coefficients r,, and

ryx'

as the reflection coefficients in both

and ry, =

3 Results and discussions

Figure 2a shows the simulated and experimental magni-
tudes of reflection coefficients (r,, and ry,) for normal inci-
dent x-polarized waves. It can be observed that the simula-
tions are in good agreement with experiments except that
there is a minor discrepancy for the resonance frequencies
due to the fabrication precision and the finite size effects in
the sample. From Fig. 2a, there exist three resonant dips for
co-polarization reflection coefficients r,, at f; = 5.9 GHz,
f, = 7.8 GHz and f; = 10.0 GHz, and the curve of which
shows three dip values that are below 0.1. In addition, from
5.7 to 10.3 GHz, the cross-polarization reflection coef-
ficient r,, is greater than 0.85, while the co-polarization
reflection coefficient r_, is below 0.3. It indicates that there
is nearly no x-polarization component in reflected waves
but only high reflection for cross-polarization around above
frequency range. It means that nearly all energy of incident
waves with x-polarization is converted to y-polarized ones
after reflection.

—
(=]

< e o
i o 0

Reflection coefficient
<o
o

e
o

6 8 10 12
Frequency/GHz

\
——Simulation

-« -Experiment |
h
\

\

6 8 10 12
Frequency/GHz

Fig. 2 Simulated and experimental results: a reflective coefficients
of cross-polarization and co-polarization (r,, and r,,); b polarization
conversion ratio (PCR,)

To better demonstrate the polarization conversion by
90° rotation properties of the designed anisotropic MM,
we define the polarization conversion ratio (PCR) as
PCR, = Iryxlz/(lryxl2 + Ir,/?) for normal incident x-polariza-
tion wave [10]. Figure 2b shows the simulated and experi-
mental PCR, versus frequency. It is shown that the PCR,
is always above 0.9 in the frequency ranges from 5.7 to
10.3 GHz with a relative bandwidth of 57.5 %. In addi-
tion, the PCR, reaches near unity at above three resonance
frequencies, meaning that nearly all energy of x-polarized
incident wave is converted to y-polarized ones or rotated
by 90°. The results demonstrate the capability of linear
polarization rotation by 90° with high polarization purity
over a broad bandwidth. Actually, this broad bandwidth
enhancement operation results from the superposition of
multiple polarization conversion peaks around 5.9, 7.8, and
10.0 GHz, which mainly benefits from the superposition
of multiple resonance modes [28, 30]. It should be noticed
that the performance will be influenced significantly by the
sizing parameters of the unit cell structure of the designed
anisotropic MM.

To gain insight into the broadband linear polarization
rotation or conversion of the proposed structure, we have
calculated ellipticity angle n and polarization rotation
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Fig. 3 Polarization azimuth rotation angle (6) and polarization ellip-
ticity angle (1)

azimuth angle 6 for an incident x-polarized wave along the
forward (4-z) direction by using the linear reflection coef-
ficients, and they can be given as:

1 . (2psin(ey)

n= arcsin | ————— |, (1)
2 1+ |prl
1 2

6 = — arctan (M), ()
2 1 —1|p|

where p, = Irl/r,| and ¢, = arg(r,,) — arg(r,,). The
describes the polarization state, and the 6 denotes the polar-
ization rotation angle of the reflected waves respected to
the incident waves.

From Fig. 3, it can be observed that the absolute value of
the 7 is close to zero at resonance frequency and is below
15° from 5.7 to 10.3 GHz, indicating that the reflected
cross-polarization wave is near linear polarization with
relative high polarization purity. We employ the polariza-
tion azimuth rotation angle 6 to describe the angle between
the major polarization axis and x-axis as shown in Fig. 3.
We can see that the value of 6 is near —90° from 5.7 to
10.3 GHz for incident x-polarized wave, indicating that the
polarization plane of the reflected wave experiences near
—90° rotation respect to the incident wave in this broad-
band range. It also means that when incident waves with
x polarization (4x direction) passing through the designed
MM slab propagating along the forward (4z) direction
can nearly perfectly convert to reflected wave propagating
along the backward (—z) direction with y polarization (—y
direction) in the frequency range of 5.7-10.3 GHz.

To get the polarization rotation properties of designed MM
for oblique incidence, we also simulated the PCR, and PCR,
under oblique incidence waves with the TE and TM polariza-
tions. As shown in Fig. 4a, b, for both polarizations, around the
lower and higher frequencies (5.9 and 10.0 GHz), the values

@ Springer

Frequency/GHz

(o)}

(o))

Frequency/GHz

o~
o

15 30 45
Incident angle/(degree)

Fig. 4 PCR under the oblique incidence: a PCR, for TE polarization,
b PCR, for TM polarization

of the PCR, and PCR, are nearly unchanged when increasing
incident angle, indicating that the polarization rotation is nearly
unaffected for the oblique incidence. In addition, around the
frequency of 7.8 GHz, the value of PCR, will decrease gradu-
ally with the increase in the incident angle, while the PCR, is
nearly unchanged. However, for both polarizations of TE and
TM modes, values of the PCR, and PCR, are greater than
60 %, revealing that this broadband and high-efficient perfor-
mance is sustained over a wide incidence angle range.

Taking a further step, to better understand the opera-
tional principles, we investigate the EM response of the
anisotropic MM for normal incident waves. The polariza-
tion direction of the incident plane EM wave is along the
x-axis, which can be decomposed into two perpendicular
components, u and v, as shown inset of Fig. 5a. The elec-
tric field E; of the incident wave at first interface plane can
be described as E; = (E,u + E,v)e ™) and electric
field of the reflected wave can be expressed as E, = (r,E-
it + 1 En)e ™t where r,,, = ¢**" is the reflection
coefficient along the u(v)-axis and Ag,, is the phase
change after reflection, respectively. Similar to the pre-
vious reported structures [30-32], the multiple plasmon
resonances of MM will be excited by interacting with inci-
dent EM wave E;. To detail analyze plasmon resonance
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eigenmodes of MM unit cell, we performed simulation
again by full-wave simulations.

Figure 5 shows the spectra of co-polarization reflec-
tion versus frequency under normal incidence with the
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Fig.5 Simulated co-polarization a reflective coefficients and b
phases for v-polarized and u-polarized wave’s incidence

polarization along u# and v directions, respectively. As
shown in Fig. 5a, it can be observed that there are all three
dips for the co-polarization reflection, which predicts the
presence of plasmon resonance eigenmodes in our designed
anisotropic MM. At f; and f;, the eigenmodes are excited
by v component of the electric field E,, while at f,, the one
is excited by the u component of the incident EM waves.
Furthermore, as shown in Fig. 5b, the phase difference
Ay, of the reflected electric components E,, and E,, is
close to &= 180° at the resonance frequencies, which causes
polarization rotation by 90° for the incident E; with polari-
zation along x direction.

To investigate the physical mechanism of the polari-
zation rotation by 90° for the proposed MM, the sur-
face current distributions on the top and bottom layers
are simulated at resonance frequencies of f; = 5.9 GHz,
f, = 7.8 GHz, and f; = 10 GHz, respectively. From Fig. 6,
the “anti-symmetric” and “symmetric” modes are excited
on the DSRRs. As shown in Fig. 6a, b, e, f, at frequencies
of f{ = 5.9 GHz and f; = 10 GHz, it can be observed that
the unit cell structure only response to the E, component
of the incident x-polarized wave. While at f, = 7.8 GHz,
the unit cell structure only response to the E, component
of the incident x-polarized wave, as shown in Fig. 6¢, d.
At fi = 5.9 GHz and f, = 7.8 GHz, the directions of the
induced surface current at the top and bottom metallic lay-
ers are antiparallel, indicating “anti-symmetric” and a mag-
netic coupling resonance [33]. In these cases, the DSRRs
can be regarded as a magnetic dipole. At f; = 10 GHz, the
flow directions of the induced surface current at the top and
bottom metallic layers are the same, indicating “symmet-
ric” and an electric coupling resonance. Hence, in this case,
the DSRRs can be regarded as an electric dipole. Thus,

Fig. 6 Surface current distribu-
tions on the DSRRs (a, ¢, e) and
metallic ground plane (b, d, f)
of the unit cell of the designed
anisotropic MM under the
normal incident x-polarized
waves at three resonant frequen-
cies:a,bf; =59 GHz, ¢, d

£, =17.8GHz, e, ff; =10 GHz
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Fig. 7 Simulated PCR for different thickness of the dielectric sub-
strate

the polarization rotator can work in broadband due to the
superposition of multiple magnetic and electric resonance
responses characteristic.

We also study the influence of the geometric parameter
to the performance of the proposed polarization rotator. We
can expect that the bandwidth and PCR will be influenced
significantly by changing the sizing parameters of the unit
cell structure of the designed anisotropic MM. In particular,
the PCR will be deteriorated if fixed the period (p, and p,)
of anisotropic MM when just changing the other geometric
parameters. For example, as shown in Fig. 7, the simulation
results indicate that the thickness of the dielectric substrate
will influence significantly the bandwidth and magnitude
of the PCR. From Fig. 7, it is clear that the operation fre-
quency is decreased gradually, and the relative bandwidth
is nearly unchanged as the substrate thickness increases.
However, when the dielectric substrate is become thicker
or thinner than a certain value, the performance of the MM
becomes worse. Thus, the performance and bandwidth
should be taken into consideration when designing the
polarization rotator.

4 Conclusion

In conclusion, a high-efficiency and broadband reflec-
tive 90° linear polarization rotator based on anisotropic
MM is proposed and demonstrated by both simulation
and experiment. The anisotropic MM is composed of
periodic array of DSRR structure placed over a ground
plane. Simulation results exhibit that high-efficiency
and broadband cross-polarization reflection and low co-
polarization reflection are achieved from 5.7 to 10.3 GHz
with a mean polarization conversion ratio of 90 %, which
agrees well with experiments. Furthermore, the proposed
rotator can maintain the high performance over a wide
incidence angle range for both y-and x-polarized wave.

@ Springer

Such MM-based polarization rotation has great applica-
tion values in the polarization-controlled devices, stealth
surfaces, antennas, etc.
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