
 

Multiple-Band Linear-Polarization Conversion and Circular Polarization in Reflection Mode
Using a Symmetric Anisotropic Metasurface

Bao-Qin Lin,* Jian-Xin Guo, Peng Chu, Wen-Jun Huo, Zhuo Xing, Bai-Gang Huang, and Lan Wu
School of Information Engineering, Xijing University, Xi’an 710123, China

(Received 25 May 2017; revised manuscript received 15 November 2017; published 28 February 2018)

In this work, we propose a multiband linear-polarization (LP) conversion and circular polarization (CP)
maintaining reflector using a symmetric anisotropic metasurface. The anisotropic metasurface is composed
of a square array of a two-corner-cut square multiring disk printed on a grounded dielectric substrate, which
is a symmetric structure with a pair of mutually perpendicular symmetric axes u and v along the �45°
directions with respect to the y-axis direction. The simulated results show that the reflector can realize LP
conversion in five frequency bands at both x- and y-polarized incidence, the first four bands all have a
certain bandwidth, and the fourth one, especially, is an ultrawideband. In addition, because of the symmetry
of the reflector structure, the polarization state of a CP wave can be maintained after reflection, and the
magnitude of the copolarized reflection coefficient at the CP incidence is just equal to that of the cross-
polarized reflection coefficient at the x- and y-polarized incidence. We analyze the root cause of the
multiband LP conversion and CP maintaining reflection, and carry out one experiment to verify the
proposed reflector.
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I. INTRODUCTION

Polarization is an expression of the orientation of the
electric flux lines in an electromagnetic (EM) wave, which
is an important characteristic of the EM wave. It is essential
to manipulating the polarization state of an EM wave for
various EM applications, such as radio communication,
antenna design, radar technology, and radar stealth tech-
nology [1–4]. Conventional methods of controlling polari-
zation are usually realized by using the birefringence effect
and optical activity of natural materials, which usually
suffers from bulky volumes, high losses, and a narrow
bandwidth in practical applications [5–6]. Over the past
decade, it has been found that metamaterials (MMs) can
provide a convenient way to control the polarization state
of an EM wave. Based on various MMs, many different
polarization converters have been proposed [7–39]. They are
usually realized in one of the following two methods: one is
to divide an EM wave into two orthogonal components and
generate a different phase between them (the fundamental of
birefringence effect) by using anisotropic MMs. The other
one is to mimic molecule chirality (the fundamental of
optical activity) by using chiralMMs. The existing literature
indicates that the two methods can both be used to design
various polarization converters, we can choose a proper
design method according to the different work patterns
of various polarization converters. Anisotropic two-
dimensional MM (also called metasurface) is suitable for

the design of reflective polarization converters, especially
using multiple plasmon resonances, high-efficiency and
ultrawideband polarization converters can be achieved in
this way [7–14]. For example, Ref. [8] presents a reflective
polarization converter based on a double V-shaped aniso-
tropic metasurface, which can realize an ultrawideband LP
conversion due to four plasmon resonances. In Ref. [13],
another ultrawideband polarization converter is proposed,
which is composed of three resonators. However, chiralMM
is convenient for designing transmissive polarization con-
verters. Most presented transmissive circular or linear-
polarization converters are realized by using planar [15–
22] or 3D [23–26] chiral MMs.Moreover, in many cases, an
asymmetric transmission effect can be achieved at the same
time due to the asymmetry of the chiral MM structures [27–
30]. In recent years, to improve the practical applicability of
polarization converters ulteriorly, many researchers have
been focused on achieving high-efficiencymultiband polari-
zation conversion. Recently, a number of multiband reflec-
tive [31–35] and transmissive [36–38] polarization
converters have been proposed based on various MMs,
which can realize effective linear- or circular-polarization
conversion in three-to-five frequency bands. However, their
frequency bands are usually not wide. Though the two
polarization converters in Refs. [33,36] both have a wide-
band with about 25% relative bandwidth, they have only
three frequency bands in all in each one. It is shown that the
practical applicability of these presented multiband polari-
zation converters is still not strong, and it is necessary to
continue in-depth research in this respect. In addition, a*aflbq@sina.com
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right-handed or left-handed circular-polarized (RHCP or
LHCP) wave will be converted to a LHCP (RHCP) wave
after reflection on a conducting surface. While the polari-
zation state of a circular-polarized (CP) wave can be
maintained after reflection on a CP-maintaining metasur-
face, it is similar to a CP conversion in transmission mode.
This kind of CP-maintaining metasurface has been regarded
as a kind of reflective CP converter in Ref. [39]. When the
CP-maintaining metasurface is designed as a CP phase
gradient metasurface through the rotating of subunit cells, or
it is coplanar with the conductor surface alternately, the
direction of the reflected wave at the CP incidence will be
changed, and theRCS of the stealth target in some directions
can be reduced. In recent years, this kind of CP-maintaining
metasurface has drawn much attention, and a few effective
designs have been proposed [39–43].
In this work, we propose a reflector based on an

anisotropic metasurface, which is a symmetric structure
with a pair of mutually perpendicular symmetric axes u and
v along �45° directions with respect to the y axis. It can
realize multiband LP conversion for its unit cell is com-
posed of four resonators. The simulated results show that
LP conversion can be achieved in five frequency bands at
x- and y-polarized incidence. The first four bands all have a
certain bandwidth, especially the fourth one is an ultra-
wideband with 36.8% relative bandwidth. In addition, one
derived formula shows that the magnitude of the copolar-
ized reflection coefficient at RHCP and LHCP incidence is
just equal to that of the cross-polarized reflection coef-
ficient at x- and y-polarized incidence, the reflector can
realize a multiband CP-maintaining reflection at the same
time. We analyze the root cause of the multiband LP
conversion and CP-maintaining reflection, and conclude
that because different eigenmodes are excited in the
anisotropic unit cell structure at v- and u-polarized inci-
dences, a phase difference between the two reflected
coefficients ruu and rvv will be generated. The phase
difference can basically determine the magnitudes of the
cross- and copolarized reflected coefficients at y-polarized
incidence. When the phase difference is close to 180°, the
anticipated polarization conversion can be realized. In
addition, the reflected coefficients at y- and x-polarized
incidences are completely equal at all times for the
symmetry of the reflector structure, and such a multiband
CP-maintaining reflection can be realized at the same time.

II. DESIGN AND SIMULATION

The unit cell of the proposed reflector is composed of a
two-corner-cut square disk surrounded by three concentric
isomorphous rings, which are all printed on a grounded
dielectric substrate, as shown in Fig. 1. The geometrical
parameters of the unit cell are chosen as follows:
P¼12.00mm, a¼1.98mm, b¼4.52mm, d ¼ 0.30 mm,
w ¼ 0.45 mm, and h ¼ 3.60 mm (see Fig. 1). In addition,
the metallic layer, together with the grounded plane, is

modeled as a 0.017-mm copper film with an electric
conductivity of σ ¼ 5.8 × 107 S=m, and the dielectric
substrate is selected as a RT=duroid 4730 with a relative
permittivity of 3.0 and a dielectric loss tangent of 0.0013.
Owing to the anisotropy of the reflector structure, when a

common LP plane wave is incident on it, the reflected
electric fields would consist of both cross- and copolarized
components, we utilize a reflection matrix Rlin to describe
the relationships between incident and reflected electric
fields as

�
Er
x

Er
y

�
¼

�
rxx rxy
ryx ryy

��
Ei
x

Ei
y

�
¼ Rlin

�
Ei
x

Ei
y

�
; ð1Þ

wherein rij ¼ Er
i=E

i
j, the first and the second subscripts i

and j correspond to the polarized states of the reflected
and incident fields, respectively, and another subscript lin
indicates the LP wave. Based on formula (1), we can further
derive another reflection matrix Rcir for the CP wave as
follows:

�
Erþ
Er−

�
¼
�
rþþ rþ−
r−þ r−−

��
Eiþ
Ei−

�
¼Rcir

�
Eiþ
Ei−

�

¼1

2

�
rxx−ryy−jðrxyþryxÞ rxxþryyþjðrxy−ryxÞ
rxxþryy−jðrxy−ryxÞ rxx−ryyþjðrxyþryxÞ

�

×

�
Eiþ
Ei−

�
; ð2Þ

wherein the subscripts þ and − denote RHCP and LHCP
states, respectively. The polarization conversion ratio
(PCR) for the y- or x-polarized incident wave can be
calculated as

PCR ¼ jrxyj2=ðjrxyj2 þ jryyj2Þ
or PCR ¼ jryxj2=ðjryxj2 þ jrxxj2Þ: ð3Þ

In addition, we define a polarization-maintaining ratio
(PMR) for the RHCP (LHCP) wave as

FIG. 1. Unit cell of the proposed reflector. (a) Top view, (b) side
view.
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PMR ¼ jrþþj2=ðjrþþj2 þ jr−þj2Þ
or PMR ¼ jr−−j2=ðjrþ−j2 þ jr−−j2Þ: ð4Þ

To numerically investigate the performance of our
design, we suppose that the reflector is located in the X-Y
plane and several plane EM waves with different polar-
izations are incident on the reflector in the sequence.
First, the incident wave is assumed as a y-polarized one
Ei ¼ E0e-jkzêy, as the simulated results using the commer-
cial software CST Microwave Studio, the magnitudes of rxy
and ryy, together with the PCR, the phase difference
Δφxy ¼ argðrxyÞ − argðryyÞ and the total reflectance Rall ¼
jrxyj2 þ jryyj2, are all shown in Fig. 2, it is indicated that the
anticipated polarization conversion is realized in five bands.
The former three bands are found in the frequency ranges
4.34–4.98 GHz, 6.77–6.97 GHz, and 8.25–8.69 GHz,
respectively, wherein the PCR are over 90%, and the
bandwidths of the three bands are 0.64, 0.20, and
0.44 GHz, respectively. In the fourth band, the minimum
of the PCR is still 80.5%, if we regard PCR ≥ 80% as the
criterion for the judgment of polarization conversion now,
it is an ultrawideband (10.72–15.56 GHz) with 36.8%
relative bandwidth. However, the fifth band is a narrow
one (16.71–16.84 GHz), wherein only one maximum value
exsits. In Fig. 2(a), it is indicated that the magnitude of rxy is
just equal to that of ryy at the twelve frequencies: 4.04, 5.20,
6.72, 7.03, 8.19, 8.78, 10.67, 15.66, 15.78, 15.84, 16.53, and
16.94, jrxyj¼jryyj≈0.7. At the same time, Fig. 2(c) indicates
the phase difference Δφxy ¼ argðrxyÞ − argðryyÞ is close to
�ð2nþ 1Þ90° at all of these frequencies. It is implied that

the y-polarized incident wave has been converted to a CP-
reflected wave at the twelve frequencies. Furthermore, in
Fig. 2(d), it is shown that the total reflectance Rall is a
minimal value at the ten frequencies: 4.35, 5.17, 6.74, 7.00,
8.20, 8.73, 10.68, 15.58, 15.82, and 16.83. In fact, the
reflector has a grounded plane; no transmission exists. In
addition, in the simulation, the reflector is regarded as an
infinite two-dimensional planar periodic structure. The
simulation model is only one unit cell, which is separated
from the adjacent unit cells using periodic boundaries.When
an incident wave is introduced through the Floquet port, the
electromagnetic energy cannot be transmitted to the adjacent
unit cells laterally. The total reflectance Rall is less than 1.0
now. It is implied that there is dielectric loss in the dielectric
substrate and a little electromagnetic energy has been
transferred into heat energy. Because the dielectric loss
tangent of the dielectric substrate is a constant (0.0013), the
dielectric loss will be proportional to the square of the
electric field in the dielectric substrate. At the above-
mentioned ten-frequency points, the total reflectance Rall
has been a regional minimum value. It is implied that the
magnitudes of the dielectric loss and the electric field in the
dielectric substrate have been a regional maximum value,
and spoof surface plasmon resonances have been excited at
these frequencies. Finally, from the comparison between
Figs. 2(b) and 2(d), it is indicated that the ten resonant
frequencies are all close to the transformation points of the
PCR, what is the root cause of it?Wewill analyze it in detail
in the next section.
The above results are obtained at y-polarized incidence,

as the simulated results, we have obtained the reflected

FIG. 2. Simulated results of the
reflector at y-polarized incidence:
(a) the magnitudes of rxy and ryy,
(b) the polarization-conversion ratio
(PCR), (c) the phase difference Δφxy

between rxy and ryy, and (d) the total
reflectance Rall.
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coefficients at x-polarized incidence at the same time, it is
shown that ryy ¼ rxx and rxy ¼ ryx. This is because the
reflector is a symmetric structure with a pair of mutually
perpendicular symmetric axes u and v along �45° direc-
tions with respect to the y axis, as shown in Fig. 1.
Especially the symmetric axis u is just the angle bisector
of the right angle between the x and y axis. This indicates
that the x and y axes are symmetrical in the reflector
structure, so the reflected coefficients at y- and x-polarized
incidences are completely equal at all times.
In succession, we assume that one RHCP or LHCP wave

is incident normally on the reflector. According to the
reflected coefficients at y- and x-polarized incidences, the
reflected coefficients at RHCP or LHCP incidences can be
obtained by using formula (2). Because of ryy ¼ rxx and
rxy ¼ ryx now, according to formula (2), the reflection
matrix Rcir can be simplified as

Rcir ¼
�
rþþ rþ−
r−þ r−−

�
¼

�−irxy ryy
ryy irxy

�
: ð5Þ

It is shown the magnitudes of the copolarized reflections
at RHCP and LHCP incidences are just equal to those
of the cross-polarized reflections at x- or y-polarized
incidence jrþþj ¼ jr−−j ¼ jrxyj ¼ jryxj, and r−þ and rþ−
are completely equal to ryy and rxx. Moreover, PMR ¼
jrþþj2=ðjrþþj2 þ jr−þj2Þ ¼ jrxyj2=ðjrxyj2 þ jryyj2Þ¼PCR.
Why does the reflector have this anomalous multiband CP-
maintaining reflection performance? We show one intuitive
picture in Fig. 3, which indicates the magnitude and
direction of the incident and reflected electric field vector
in a fixed plane that is close and parallel to the reflector
surface. The incident electric field is assumed as
Ei ¼ Ei

xêx þ Ei
yêy, due to the polarization conversions at

x- and y-polarized incidences, the cross-polarized reflected
field will be generated, which can be expressed as Er

cross ¼
rxyEi

yêx þ ryxEi
xêy ¼ rxyðEi

yêx þ Ei
xêyÞ due to rxy ¼ ryx,

such that the symmetric axes u will always be the angle
bisector of the intersection angle between Ei and Er

cross,
and the magnitude ratio between Ei and Er

cross is just jrxyj.
When Ei is in a CP incidence and rotated clockwise or
anticlockwise, the rotation direction of Er

cross will be

reversed, such that the polarization state of the reflected
wave will keep the same as that of the incident wave
because the propagating direction of the reflected wave will
also be reversed. In this way, a CP-maintaining reflection
can be achieved; moreover, jrþþj ¼ jr−−j ¼ jrxyj ¼ jryxj.

III. THEORETICAL ANALYSIS

To get a physical insight into the root cause of the
multiband polarization conversion for the proposed reflec-
tor, we present a detailed analysis in succession.
First, we assume that the incidence is a u- or v-polarized

wave, in which the incident fields Ei can be decomposed
into x and y components, and the magnitudes of the
two components are exactly equal. The incident field
can be expressed as Ei ¼ Ei

uêu ¼ Ei
yêy þ Ei

xêx ¼
Ei cosð45°Þðêy þ êxÞ or Ei ¼ Ei

vêv ¼ Ei
yêy þ Ei

xêx ¼
Ei cosð45°Þðêy − êxÞ. Because of ryy ¼ rxx and rxy ¼ ryx,
the reflected field Er is calculated as follows:

Erju ¼
�
Er
x

Er
y

�����
u

¼
�
rxx rxy
ryx ryy

��
Ei cosð45°Þ
Ei cosð45°Þ

�

¼
�
ryy rxy
rxy ryy

��
Ei cosð45°Þ
Ei cosð45°Þ

�
; or

Erjv ¼
�
Er
x

Er
y

�����
v

¼
�
rxx rxy
ryx ryy

��
-Ei cosð45°Þ
Ei cosð45°Þ

�

¼
�
ryy rxy
rxy ryy

��
-Ei cosð45°Þ
Ei cosð45°Þ

�
: ð6Þ

Formula (6) demonstrates that Er
xju ¼ Er

yju or Er
xjv ¼

-Er
yjv, and the polarization direction of the reflected wave

is the same as that of the incident wave, and no cross-
polarized components exist at the u- and v-polarized
incidences. From this passage, we can deduce that the
magnitudes of the coreflected coefficients ruu and rvv at
u- and v-polarized incidences would both be close to 1.0
because the dielectric loss tangent of the dielectric substrate
is very small.
In succession, supposing that the incidence is a

y-polarized wave again, the incident field and the reflected
field can be expressed as (7) and (8), respectively,

Ei ¼ Ei
yêy ¼ Ei

uêu þ Ei
vêv ¼ Ei

y cosð45°Þðêu þ êvÞ; ð7Þ

Er ¼ Er
uêu þ Er

vêv ¼ ruuEi
uêu þ rvvEi

vêv

¼ Ei
y cosð45°Þðruuêu þ rvvêvÞ: ð8Þ

Because of the anisotropy of the unit cell structure, ruu
and rvv are mutually independent. In order to facilitate the
derivation of formula, we define the actual phase difference
between ruu and rvv as Δφ; in addition, because the
magnitude of ruu and rvv will both be close to 1.0, we

FIG. 3. Intuitive picture of the CP-maintaining reflection in the
proposed reflector.
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neglect the dielectric loss and assume their magnitude
is just equal to 1.0 in the following derivation process.
In this way, rvv ¼ ruue−jΔφ, and the reflected field can be
expressed as

Er ¼ ruuEi
ycosð45°Þðêu þ e−jΔφêvÞ: ð9Þ

Formula (9) implies that the moving track of the tip of
the electric field vector Er in any fixed plane parallel with
the u-v one, which is normal to the direction −êz of
propagation, will satisfy the equation

E2
u − 2EuEv cosΔφþ E2

v ¼ 0.5jEi
yj2sin2Δφ: ð10Þ

In the x-y coordinate system, using the relationship
equations Ey¼ðEuþEvÞcosð45°Þ, Ex¼ðEu−EvÞsinð45°Þ,
Eq. (10) can be expressed as

E2
x

jEi
yj2ð1 − cosΔφÞ=2þ

E2
y

jEi
yj2ð1þ cosΔφÞ=2 ¼ 1. ð11Þ

Equation (11) implies that the magnitudes of the x- and
y-polarized components in the reflected field are

jEr
xj ¼ jExjEy¼0 ¼ jEi

yj
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − cosΔφÞ=2

p
; ð12aÞ

Er
y ¼ jEyjEx¼0

¼ jEi
yj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ cosΔφÞ=2

p
; ð12bÞ

respectively. In this way, the magnitudes of rxy and ryy can
be calculated as follows:

jrxyj ¼
jEr

xj
jEi

yj
¼

jExjEy¼0

jEi
yj

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − cosΔφÞ=2

p
; ð13aÞ

jryyj ¼
jEr

yj
jEi

yj
¼

jEyjEx¼0

jEi
yj

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ cosΔφÞ=2

p
: ð13bÞ

For Δφ possibly being an arbitrary value depending on the
frequency, the above Eqs. (10), (11), and (13) imply that all
polarization states including LP, CP, and the elliptical
polarization would possibly be realized in the reflected
wave at the y-polarized incidence. Commonly, the reflected
wave would be elliptically polarized, and the axial ratio
can be expressed as AR ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1 − cosΔφÞ=ð1þ cosΔφÞp
according to Eq. (11). When Δφ ¼ �90°, the axial ratio is
AR ¼ 1.0, the reflected wavewould be converted into aCP
one. When Δφ ¼ �180°, Eq. (10) can be simplified as
Eu ¼ −Ev. In this way, Er ¼ Euêu − Evêv ¼

ffiffiffi
2

p
Euêx,

and the anticipated LP conversion can be realized in the
reflected wave as shown in Fig. 4. In addition, Eq. (13)
indicates that jryyj ¼ 0 and jrxyj ¼ 1, and a perfect LP
conversion can be realized if no dielectric loss exists.

Following the above analysis, tomake clear the root cause
of the polarization conversion for the reflector, we carry out
numerical simulations at u- and v-polarized incidences,
respectively. The simulated results in Fig. 5(a) indicate that
the magnitudes of ruu and rvv are both much closer to 1.0 in
the majority of the frequency range. However, there are still
some minimal values existing at the eleven frequencies:
4.27, 5.17, 6.74, 6.98, 8.19, 8.66, 10.68, 12.77, 15.82, and
16.82 GHz, and it is implied that five resonant eigenmodes
are excited at the u-polarized incidence and six resonant
eigenmodes are excited at the v-polarized incidence.
Compared to the datum in Fig. 2(d), these resonant
frequencies are almost the same (4.35, 5.17, 6.74, 7.00,
8.20, 8.73, 10.68, 15.58, 15.82, and 16.83 GHz). Only one
resonant frequency 12.77 GHz was not found in Fig. 2(d).
In fact, for the unit cell structure of the reflector is composed
of multiple independent metallic patches printed on a
grounded dielectric substrate. It can be equivalent to a
combiner of multiple LC parallel resonators, wherein the
equivalent capacitance C comes from the charge accumu-
lations between the gap of adjoiningmetallic patches, which
is not a pure capacitance due to the dielectric loss of the
grounded dielectric substrate, and the equivalent inductance
L results from the surface currents distributed on the
metallic patch and grounded plane. Moreover, the unit cell
is an anisotropic structure. The values of the equivalent
capacitance C and inductance L in each resonator will both
be different at u- and v-polarized incidences due to the
different directions of incident electric fields, so different
eigenmodeswill be excited at u- and v-polarized incidences.
Figure 5(a) shows that five of these eigenmodes are excited
by u-polarized incidences and the other six eigenmodes are
excited by v-polarized incidences. Because a y-polarized
wave consists of both u- and v-polarized components, the
eleven eigenmodes have all been excited by a y-polarized
incidence as shown in Fig. 2(d).
Moreover, to know the effect of these eigenmodes on the

generation of the multiband polarization conversion, after
several simulations, we present in Fig. 6 the surface
currents on the two-corner-cut square multiring disk at
each eigenfrequency. Figure 6(a) indicates that the first pair
of eigenmodes is generated at the outer ring. The surface
currents in the first eigenmode are mainly distributed on the

FIG. 4. Intuitive picture of y-to-x polarization conversion in the
proposed reflector.
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pair of long oblique sides, and the distribution pattern is
symmetrical with respect to the v-axis. While those of the
second eigenmode are mainly on the two pairs of vertical
and level sides, which are symmetrical with respect to the u
axis. From this, we can conclude that the first and second
eigenmodes are excited by v- and u-polarized incidences,
respectively, and the surface currents in the first and second
eigenmodes cannot produce u- and v-polarized radiations,
respectively, such that no cross-polarized reflection exists at
v- and u-polarized incidences when the two eigenmodes
are excited. In addition, in Figs. 6(b) and 6(c), it is shown
that the next two pairs of eigenmodes are almost the
same as the first pair, except that only the two pairs of

eigenmodes are generated at the middle and inner rings,
respectively. Figure 6(d) indicates that the fourth pair
of eigenmodes is generated at the central disk, and
Figs. 6(e) and 6(f) indicate that the fifth pair of eigenmodes,
together with the last one, are higher-order eigenmodes
generated at the outer ring. Because of the symmetrical
distributions of the surface currents in these eigenmodes,
these surface currents can all be equivalent to a small
resonant current in the direction of the v or u axis, which is
the same with the polarization direction of the incident
wave, so only the copolarized reflection can be produced at
v- or u-polarized incidences when any eigenmode is
excited. However, when these eigenmodes are excited by
y-polarization incidences, cross-polarized reflection will be
produced for the x component of the surface currents exists
in each eigenmode.
How do we consider the specific effect of these eigenm-

odes on the polarization conversion at the y-polarization
incidence? We can analyze the effect of these eigenmodes
on the phases of ruu and rvv because the phase difference
Δφ between ruu and rvv can basically determine the
magnitudes of rxy and ryy. Figure 5(b) shows that the data
curve of Δφ fluctuates up and down along with the variable
of frequency. It is just equal to 180° at the nine frequencies:
6.82, 6.89, 8.30, 8.57, 10.80, 12.68, 15.38, 15.82, and
16.78 GHz, which implies that the anticipated polarization
conversion will be realized at these frequencies. To explain
the detailed reasons, the phase variations of ruu and rvv
caused by these eigenmodes are shown in Fig. 5(c), in
which the affect of the wave path has been eliminated. It is
indicated that the phases of rvv and ruu are decreased
rapidly at their respective eigenfrequencies for the eigenm-
odes and can be equivalent to a parallel LC resonance.
However, at a certain frequency range centered at the
eigenfrequency 12.77 GHz, the phase of ruu is decreased
very slowly, it is because the surface currents in this
eigenmode are transversely distributed on the narrow
and long central disk, as shown in Fig. 6(d), the equivalent
inductance L of the surface currents is very little, and the
quality factor of this eigenmode is very small. After the
analysis of Fig. 5(c), we can clearly understand the root
cause of the multiband polarization conversion. The first
four bands result from the first four pairs of the first-order
eigenmodes, which are generated at the four independent
metallic patches: the outer, middle, and inner rings, and the
central disk, successively. Now if the reflector is equivalent
to a combiner of four resonators, they come from the four
resonators, respectively. The two eigenmodes in each pair
are successively excited by v- and u-polarized incidences
due to the anisotropy of the unit cell structure. A larger
phase difference Δφ between ruu and rvv can be obtained at
the frequency range between the two eigenfrequencies.
When the anisotropy of the unit cell structure is appro-
priate, the anticipated polarization conversion can be
realized in this frequency range. The first three bands

FIG. 5. Simulated results of the reflector at u- and v-polarized
incidences: (a) the magnitudes of ruu and rvv, (b) the phase
difference Δφ between ruu and rvv, and (c) the phase variations of
ruu and rvv caused by the eigenmodes.
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are all just achieved in this way, they all have a certain
bandwidth. However, the fourth band is an ultrawideband,
which has not been ended by the second eigenmode in the
fourth pair due to the small quality factor of this eigen-
mode. Conversely, it has been widened for the small phase
variation of ruu. From this we can learn how to achieve an
ultrawideband polarization conversion, because each eigen-
mode from emergence to termination will change the
phases of rvv or ruu by almost 360°. Only when multiple
eigenmodes are alternately excited at different frequencies
at v- and u-polarized incidences and the quality factors of
these eigenmodes are not too large, the phase differenceΔφ
can be close to 180° over a wide frequency range, thus
achieving ultrawideband polarization conversion. We have
analyzed several ultrawideband polarization converters
proposed in Refs. [7–11] in detail. In fact, they are all
achieved in this way. In our design, the fourth band is
started by the first eigenmode in the fourth pair, widened by
the second one of the fourth pair, and finally terminated by
the first one of the fifth pair, which only results from
three eigenmodes, so its relative bandwidth is still not very

wide—only 36.8%. In addition, the last two eigenmodes
both give rise to a polarization conversion band independ-
ently. This is because when the phase of rvv or ruu is
changed at a narrow frequency range centered at their
eigenfrequencies, the phase of the other one has remained
unchanged, such that the two bands are both very narrow.
This is particularly the case for the one produced by the
second eigenmode of the fifth pair, which has been
neglected in the front.
Finally, to validate Eq. (13), we calculate the magnitudes

of rxy and ryy using Eq. (13) according to the phase
differences Δφ in Fig. 5(b). The calculated results are
shown in Fig. 7. It is shown that the calculated results are
essentially in agreement with the simulated results at the
y-polarized incidence in Fig. 2(a). There is a small differ-
ence between them. It is just because the derivation of
formula (13) is based on the assumption that no dielectric
loss exists. From the above analysis, we can conclude that
the anisotropy of the unit cell structure is the root cause
of the polarization conversion, which results in multiple
different eigenmodes being excited at v- and u-polarized
incidences, such phase differences Δφ between ruu and rvv
are generated. The phase differences Δφ can basically
determine the polarization states of the reflected wave.
When Δφ is close to 180°, the anticipated 90° polarization
rotation will be realized at x- and y-polarized incidence.

IV. EXPERIMENTAL RESULTS

To verify our design, an experimental sample is fabricated
by the conventional printed circuit board process, which
contains 25 × 25 unit cells, covering an area of about
300 mm × 300 mm, as shown in Fig. 8(a). First, to validate
its LP-conversion performance, we have measured its co-
and cross-polarized reflection coefficients at the y-polarized
incidence in a microwave anechoic chamber. The schematic
illustration of our measurement setup is shown in Fig. 8(b),

FIG. 6. The surface current distributions at each eigenfrequency: (a) the first pair of eigenmodes (4.27 and 5.18 GHz), (b) the second
pair (6.74 and 6.98 GHz), (c) the third pair (8.19 and 8.66 GHz), (d) the fourth pair (10.68 and 12.77 GHz), (e) the fifth pair (15.60 and
15.82 GHz), and (f) the last one (16.82 GHz).

FIG. 7. The comparison between the simulated and calculated
results of the cross-polarized reflection coefficients rxy.
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in which two identical LP standard-gain horn antennas as
transmitter and receiver are connected to the two ports of an
Agilent E8363B Agilent network analyzer. In addition, the
two horn antennas are set symmetrically with respect to
the normal with a small angle of 6° due to the finite sizes of
the fabricated sample. The co- and cross-polarized reflection
coefficients are measured when the receiving horn antenna
rotates by 0° and 90°, respectively. The measured results,
together with the simulated results at the vertical incidence
and an oblique incidence with 6° incident angle, are shown
in Fig. 8(c). It is indicated that the two simulation results
are almost the same, for the incident angle of the oblique
incidence is very small. In addition, the experimental results
are basically in agreement with the simulations. But in
several frequency ranges (7.32–7.85GHz, 9.57–10.37GHz,

15.86–16.12 GHz, and 17.55–18.00 GHz), wherein the
cross-polarized reflection coefficients are small, the exper-
imental results are slightly larger than the simulated ones.
The main reason for this phenomenon is that the size of the
experimental sample is very limited.A relatively large cross-
polarized scattered wavewill maybe be generated due to the
edge scattering effect of the experimental sample.Moreover,
it will look larger when the cross-polarized reflected wave is
smaller. In addition, compared with the infinite plate in the
simulation, the reflection of each unit cell in the exper-
imental sample structure will also be a little different.
Second, to validate its CP-maintaining performance at CP
incidence, CP emitters and CP receivers are required.
Though the CP antennas exist, they only can produce a
high pure CP radiated wave in a narrow frequency range and
are not suitable for broadband measurements. Recently, the
measurements of the reflections at CP incidencewere almost
all done by the method of measuring the reflection matrix
Rlin at LP incidence [16,17,40]. When the reflection matrix
Rlin has been measured, the reflection matrixRcir at the CP
incidence can be obtained by using formula (2). For the
proposed reflector, formula (2) can be simplified as for-
mula (5), wherein jrþþj ¼ jr−−j ¼ jrxyj ¼ jryxj, so the
measured results in Fig. 8(c) can also be regarded as the
magnitudes of the copolarized reflected coefficients at
RHCP and LHCP incidences, which can be used to validate
the CP-maintaining performance of the reflector.

V. CONCLUSIONS

In this paper, a multiple-band LP conversion and
CP-maintaining reflector using an anisotropic metasurface
is proposed, which is composed of a square array of a
two-corner-cut square multiring disk printed on grounded
dielectric substrate. Both the simulated and experimental
results show that the reflector can convert a y-polarized
incident wave to its cross-polarized wave in five frequency
bands. The first four bands all have a certain bandwidth,
the PCR is over 90% in the former three bands, and the
fourth band is an ultrawideband. In addition, because of
the symmetry of the reflector structure, its cross- and
copolarized reflected coefficients at y-polarized incidence
are just equal to those at x-polarized incidence. Thus the
reflector can realize a CP-maintaining reflection at the
same time, moreover, jrþþj ¼ jr−−j ¼ jrxyj ¼ jryxj.
Furthermore, we analyze the root cause of the multiband
polarization conversion, and conclude that it is just the
anisotropy of the unit cell structure which results in
multiple different eigenmodes excited at v- and u-polarized
incidences; such a phase differenceΔφ between ruu and rvv
will be produced. WhenΔφ is close to 180°, the anticipated
90° polarization rotation can be realized at x- and
y-polarized incidence. In addition, if multiple eigenmodes
can be alternately excited at different frequencies at v- and
u-polarized incidences, and the quality factors of these
eigenmodes are not too large, such Δφ can be close to 180°

FIG. 8. The fabricated sample and measured results: (a) the
photograph of the experimental sample, (b) the schematic of the
measurement setup, and (c) the comparison between the simu-
lated and measured results of the cross-polarized reflection
coefficient rxy.
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over a wide frequency range, and an ultrawideband
polarization conversion will be achieved. Finally, one
experiment is carried out, and the simulated and measured
results are in good agreement with each other. Compared
with the previous designs, the proposed reflector, as an
alternative multiband polarization converter, has more
frequency bands, wider bandwidth, and more functions,
so it is of a great application value in polarization controlled
devices, stealth surfaces, antennas, etc.
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