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ABSTRACT A metamaterial-based planar polarization conversion screen is designed by exploiting the
mutual interactions between two distinct types of resonators. The design starts from a unit cell comprising
a subwavelength T-type resonator and a rectangular split-ring resonator (RSRR). In order to enhance the
cross-polarization conversion, the unit cell is rotated by 90◦ to obtain a chiral geometry and the right
diagonal elements are scaled down to construct a rotationally asymmetric 2 × 2 supercell. The supercells
are arranged periodically on either side of the substrate. In the bottom layer, each element is rotated by 90◦

with respect to the corresponding element in the top layer to achieve the asymmetric transmission property
and to introduce the desired phase difference between the two orthogonal linear vector components of the
transmitted wave. The proposed design exhibits very good circular polarization efficiency, which is primarily
achieved by transverse magnetic dipole–magnetic dipole coupling. The polarizer has an ellipticity of 44.4◦

and a polarization extinction ratio of 37.30 dB at 14.79 GHz. Furthermore, the polarization conversion
ratio for both linear orthogonal components is identical at this frequency. At 9.15 GHz, strong orthogonal
polarization rotation is observed. The electrical size of the unit cell is 0.25λ0×0.25λ0×0.077λ0. Simulation
and measurement results are presented to verify the performance of the polarization converter.

INDEX TERMS Frequency selective surfaces, microwave propagation, polarization converter.

I. INTRODUCTION
In wireless communication systems polarization mismatch at
the receiver antenna can impact the systems’ propagation link
budget. For example, in satellite communication a linearly
polarized wave may experience rotation while propagating
through the atmosphere. This effect is called Faraday rotation
and it can affect the link budget [1]. Thus, a linearly polarized
wave is not always suitable for transmission. Some other
issues associated with linearly polarized waves are multipath
fading and receiver antenna orientation. Under such circum-
stances, circular polarization (CP) is preferred because it
shows strong immunity to environmental effects. This pro-
vides an opportunity to explore structures, which can perform
linear-to-circular polarization conversion efficiently because
it is not always convenient to generate CP waves at element
level in planar radiating arrays. For this purpose, one solution
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is to use frequency selective surfaces (FSSs) as they can be
used on top of the arrays.

FSSs allow waves in certain bands of frequencies to pass
through and block other out-of-band frequencies or vice-
versa [2]. FSSs have been extensively studied for various
purposes, such as for polarization tuning, beam shap-
ing, or gain and radar cross section improvement [3]–[7].
Parameters that determine the performance of FSSs are cho-
sen depending on the application where they are used. For
example, polarization stability, high selectivity, insertion loss,
incident angle stability, band roll-off, axial ratio, and gain, etc.
are some of such parameters [8]–[11]. Polarization selective
surfaces (PSSs) are a type of FSSs that can convert the polar-
ization of an incident wave in a certain band of frequencies
and leave the polarization state of the out-of-band frequen-
cies unchanged [12], [13]. It is important to understand the
difference between a polarization converter and a rotator.
In a polarization rotator, the out-going wave has the same
polarization state as the incoming wave, but the plane of
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polarization is rotated by a certain angle for the out-going
wave. In a polarization converter, the polarization state of the
out-going wave is changed, i.e., linear polarization (LP) to
CP. Using polarization converters on top of an LP antenna
allows to separate the antenna array design and the creation
of CP waves.

Polarization conversion occurs because of a phase dif-
ference between the orthogonal components of a reflected
or a transmitted wave. The phase difference can be artifi-
cially achieved in different ways: 1) by using an anisotropic
chiral structure geometry [14], whose no-mirror symmetry
ensures the twisting response [15], i.e., 2D Archimedes spiral
or 3D helix; 2) by using a cascaded capacitive impedance
layer and an inductive impedance layer, both having a dif-
ferent response for the two orthogonal components of an
incident electromagnetic (EM) wave [16], leading to a phase
difference of 90◦ after tuning; and 3) by using an active
metasurface, which has embedded varactor diodes to impose
a phase difference between the orthogonal components of the
incident plane wave [5].

A comparative study of various designs of flexible
chiral metamaterials (MTMs) for the terahertz regime
was presented in [17]. Chiral properties, such as optical
activity (polarization rotation of the LP waves), circular
polarization generation, circular dichroism (the absorption
difference between right- and left-handed circularly polar-
ized waves) and filtering capabilities for the designs were
compared. Large optical activity in all the designs was
observed, but the ellipticity remained below 35◦. In [12],
a tri-layered metasurface was proposed to achieve polar-
ization rotation. The metallic gratings on each layer were
successively rotated by 0◦, 45◦, and 90◦ to demonstrate
rotation of the incident linearly x-polarized wave to the
transmitted linearly y-polarized wave. Recently, polariza-
tion converters based on triple twisted SRRs, substrate inte-
grated waveguides, and miniaturized-element FSSs have
been proposed [16], [19], [20]. Most of the work has been
focused around single-band polarization conversion. Multi-
layered structures have been used where an increase in the
bandwidth or multi-band operation was reported [21], [22].
A better and wider axial ratio could also be achieved. How-
ever, this approach introduces higher insertion loss (IL) and
may increase the return loss (RL) due to poor matching.
Multilayered structures also require careful fabrication and
alignment. The quantities IL and RL are important factors
while designing structures for radar applications and satellite
communication [23]. For example, in an imaging system,
poor matching will damage the quality of the image due to
multiple interactions within the system [9].

In this paper, a double layerMTMunit cell structure, which
is composed of two distinct types of resonators is proposed as
a polarization converter. The characteristics of corresponding
single layer designs were previously explored as an FSS
for waveguide filter and microwave absorption applications
in [24]. An application as an energy harvester was studied
in [25], [26]. In this work, the structure is re-designed by

introducing geometric asymmetries. The multiple resonators
based design is used to exploit the mutual coupling of the
structure to achieve a strong cross-polarizedmicrowave trans-
mission and a highly-selective polarization conversion. The
design is investigated with respect to the following features:
1) The mutual interaction between the two distinct resonators
in a unit cell and other resonators in the array configuration
provides freedom to control the resonance frequency and the
ellipticity with very few parameters. 2) In dual band behavior,
when a linearly polarized wave is incident on the metasheet
a strong cross-polarized transmitted wave is obtained in one
band and a circularly polarized transmitted wave is created in
the other band with high polarization conversion efficiency.

In Section II, the basic principles and analytical expres-
sions associated with the design are discussed. In Section III,
the geometry and parameters of the proposed design are
presented. The results are discussed and compared with some
recent designs from the literature in Section IV followed by
the conclusion in Section V.

II. PRINCIPLES AND FUNDAMENTAL THEORY
MTM based PSSs are composed of subwave length resonat-
ing elements to form a unit cell. The unit cells are arranged
periodically to form ametasheet. Themutual coupling among
the resonating elements in the metasheet, if controlled,
allow to achieve the desired electromagnetic characteristics.
The proposed design uses an anisotropic structure and the
constitutive relations are given by [18]

D = ε◦εrE−
jκ
c◦
H, (1)

B = µ◦µrH+
jκ
c◦
E, (2)

where κ describes the strength of cross-coupling between
magnetic and electric field and is known as chirality. ε◦ (εr )
and µ◦ (µr ) represent free-space (relative) permittivity and
permeability, respectively. The speed of light in free-space is
denoted by c◦. When a linearly polarized wave is incident
on such a structure then the circularly polarized transmitted
waves are given as

E±(z) =
1
2
E◦(x̂ ∓ jŷ)e−jkz, (3)

where E+ and E− represent the right hand circularly
polarized (RHCP) wave and the left hand circularly polar-
ized (LHCP) wave, respectively. The time dependence ejωt

is suppressed. In the above expression, the direction of
propagation is in +z-direction and the index of refrac-
tion for such a wave is given by n± = n ± κ . Con-
sider a y-polarized incident wave (E iy) which propagates
through this structure. The transmitted wave will have
two orthogonal linear components, Tyy and Txy (where the
first subscript and the second subscript indicate the polar-
ization of the transmitted wave and the incident wave,
respectively). The transmission coefficients for CP waves
can be obtained from linear transmission coefficients as
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T± = 1/
√
2(Tyy±jTxy). The performance of the polarization

converter can be evaluated by the ellipticity η (it measures
the circular dichroism and characterizes the polarization state
of the transmitted wave), the polarization extinction ratio
PER (it measures the difference between the magnitude of
the RHCP and the LHCP waves) [19], and the polarization
conversion ratio PCR (it measures the polarization conver-
sion of an LP incident wave to the transmitted cross- and
co-component),

η = arctan(
|T+| − |T−|
|T+| + |T−|

)

= 0.5 arcsin(
|T+|2 − |T−|2

|T+|2 + |T−|2
), (4)

PER = 20 log10(|T+x(y)|/|T−x(y)|), (5)

PCRyy = |Tyy|2/(|Tyy|2 + |Txy|2), (6)

PCRxy = |Txy|2/(|Tyy|2 + |Txy|2). (7)

The wave is circularly polarized when η = ±45◦, linearly
polarized when η = 0◦, and for all other values of η the
wave is elliptically polarized. Large values of PERmean high
polarization conversion efficiency.

High polarization conversion efficiency is achieved when
either |T+| or |T−| is zero. This means that the magnitude
of the transmitted wave components |Tyy| (|Txx |) and |Txy|
(|Tyx |) must be equal and their phase difference should be
−90◦ or 90◦ for a RHCP or a LHCP wave, respectively.

III. POLARIZER DESIGN
The unit cell of the proposed design consists of two
distinct metamaterial resonators, a rectangular split ring res-
onator (RSRR) and a T-type resonator. First, the unit cell is
rotated by 90◦ clockwise to create a C4 symmetric 2 × 2
supercell. Each unit cell of the super cell in the bottom layer
is rotated by 90◦ with respect to the corresponding unit cell
in the top layer. The structure now forms a chiral geometry
and it is three dimensional nonsymmetric. It is pertinent to
mention here that the chirality only affects the polarization
state of the propagating wave [18]. Chiral geometries obey
fixed relations for certain symmetries. For example, the LP
transmission coefficients for the C4 symmetric structures are
T f (b)xx = T f (b)yy and T f (b)yx = −T f (b)xy (where the superscript f
represents a wave propagating in −z-direction and the super-
script b represents a wave propagating in z-direction) when
the incident wave is LP. Second, the right diagonal resonating
elements in the supercell are scaled 0.5 times the left diagonal
resonating elements (all the parameters are scaled except w,
which is the same for all the elements) as shown in Fig. 1(a).
The structure is designed as C4 nonsymmetric in order to
increase the cross-polarization conversion. As a result, the LP
transmission coefficients for the C4 nonsymmetric structures
become T f (b)xx = T f (b)yy and T f (b)yx 6= T f (b)xy = T b(f )xy . Since
each layer responds differently to orthogonal components of
the incident electric field, the desired phase difference can be
achieved. The interlayer coupling is affected by the thickness
of the dielectric substrate. If the thickness is zero, the missing

FIGURE 1. Polarization selective surface (a) Proposed supercell where
a = b = 10 mm, d1 = 4.5 mm, d2 = 0.75 mm, d3 = 3.3 mm,
d1s = 0.5× d1 = 2.7 mm, d2s = 0.5× d2 = 0.375 mm, w = 0.4 mm, and
gx = gy = 0.4 mm (b) Fabricated sheet.

FIGURE 2. Polarization selective surface free-space measurement setup.

symmetry in z-direction will vanish resulting in no chirality
and when the thickness is too large coupling will be too weak.

The dielectric substrate used in the proposed design is
Rogers DiClad 880 with a relative permittivity εr = 2.2,
a loss tangent of 0.0009 (from datasheet) and a thickness
of 1.524 mm. Fig. 1(b) shows the fabricated sample. The
fabricated sheet consists of 18 × 18 supercells. The average
size of the unit cell is λr/4 and of the supercell is λr/2 (λr
corresponds to the resonance frequency 14.79 GHz). The pro-
posed structure was designed in CST Microwave Studio with
periodic boundary conditions in (x, y)-direction and Floquet
ports in z-direction [28].

IV. RESULTS AND DISCUSSION
A linearly polarized plane wave is incident on the structure
and the orthogonal linear vector components of the trans-
mitted wave are computed on the other side of the structure
to study the propagation behavior. For the purpose of mea-
surements, the free-space setup shown in Fig. 2 was used.
The transmission measurements were performed using two
linearly polarized dipole excited ultrawideband dielectric rod
antennas with a reflector. The input reflection of the antennas
remains below−10 dB from 3GHz up to 20GHz. The details

VOLUME 7, 2019 98047



S. Khan, T. F. Eibert: Dual-Band Metasheet for Asymmetric Microwave Transmission With Polarization Conversion

FIGURE 3. (a) Magnitude and phase of cross- and co- components of the
transmission coefficient. (b) Simulated performance indicators for PSS.

of the antennas can be found in [29]. The polarization state
of the antenna is changed by physically rotating the antenna
orientation on the transmission side of the metasheet.

The transmission coefficients for E iy(−z) at normal inci-
dence as a function of frequency are shown in Fig. 3(a). The
first and second null of the co-component of the transmis-
sion coefficient magnitude (|Tyy|), represented by the black
through line, occur at 7.6GHz and 9.15GHz, respectively.
These resonances are the combined effect (resonance and
mutual interactions) of the left diagonal elements on both
layers. The resonance at 14.6GHz is predominantly due to
the combined effect of the right diagonal elements on both
layers. Consequently, a strong cross-component (red through
line) of the transmission coefficient (|Txy|) is observed at
these frequencies. It is further seen that the magnitudes of
both components are identical at 14.79GHz. The difference
between the phases of orthogonal components determines
the polarization type of the transmitted wave. The phase of
co-component and cross-component at 14.79GHz is 97.78◦

and 8.39◦, respectively, yielding a phase difference of 1φ =
6 Txy − 6 Tyy = −89.39◦. Thus, a circular polarized wave is
created on the transmission side of the PSS at 14.79GHz and
a strong cross-component with a magnitude as high as−2 dB
at 9.15GHz. In Fig. 3(b), the performance parameters defined
in eqs. (4) - (7) are plotted. It can be seen that the peak value
of the ellipticity η is 44.3◦ at 14.79GHz, which means that
the transmitted wave is circularly polarized at this frequency.

Furthermore, the value of η at 9.15GHz is 25.2◦ which
represents the elliptical polarization. Other peak values of η
correspond to transmission magnitudes lower than −10 dB,
hence they are not considered. An additional functionality
of the proposed PSS is demonstrated by the PER and PCR.
The PER shows that the magnitude of the RHCP wave is
greater than the LHCP wave at 9.15GHz and 14.79GHz by
a margin of 8.83 dB and 37.30 dB, respectively. This implies
that the transmitted wave is RHCP (with respect to the −z-
direction) at 14.79GHz. The magnitude of the orthogonal
components that constitute the RHCP wave show the PSS
conversion efficiency. It can be observed that the structure
polarization conversion ratio PCR is 0.5 for |Tyy| and |Txy|
at 14.79GHz. Fig. 3(b) also shows that the transmitted wave
has a y−polarized dominant component between 10GHz to
13GHz.

The polarization conversion behavior of the proposed
structure can be understood by analyzing the fields and
the surface current distributions. At resonances, high
cross-polarization transmission or polarization conversion
are the consequence of longitudinal dipole-dipole coupling
and transverse (interlayer) coupling. The superposition of
the modes produced due to magnetic dipoles and elec-
tric dipoles can be expressed by eigenmodes of the res-
onator. Fig. 4 illustrates the surface current plot over the
z−component of the electric field at different resonance
frequencies. At 14.79GHz, in the top layer, a longitudinal
electric dipole mode is observed in each of the two RSRR
elements on the left diagonal with weak coupling within the
supercell and strong coupling with the elements in the neigh-
boring supercells. A magnetic dipole mode is observed in the
right diagonal elements due to the small size of the elements
and alignment of the gaps along the incident electric field
vector (y−axis). The loop current and charge distribution
(strong Ez on the T-type resonator) can been seen in Fig. 4(a).
In addition, coupling due to parallel and antiparallel cur-
rents within the unit cell can be interpreted accordingly. The
bottom layer for this frequency is shown in Fig. 4(b). The
currents for the left diagonal elements are reversed. In the
case of the right diagonal elements, the currents in the outer
loop remain the same on the top layer and on the bottom
layer, which indicates parallel magnetic dipole coupling. The
direction of the currents on the bottom layer distinguishes
the rotation direction and determines the RHCP or the LHCP
type of the transmitted wave. The parallel currents on both
layers at 14.79GHz indicate that the transmitted wave is
RHCP. At 16.4GHz, the currents on the top layer are almost
the same as for 14.79GHz, especially, on the right diagonal
elements, as shown in Fig. 4(c). Fig. 4(d) shows that the
currents are antiparallel (opposite in direction) on the right
diagonal elements of the bottom layer with respect to the
top layer, resulting in a LHCP wave. The lateral coupling
in the gaps between an RSRR and a T-type resonator within
the unit cell affects the resonance frequency (the parameters
(gx , d2), as shown in Fig. 1(a), can be used to change the gap
size). The advantage of using different types of resonators
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FIGURE 4. Symbolic electric surface current distribution (black or white
arrows) over electric field component Ez (color scale), which is related to
surface charge, at different frequencies.

in a unit cell is that there are multiple regions where strong
coupling can be observed. These regions give the flexibility
to control the electromagnetic behavior of the structure. In the
particular design those regions are represented by gx , gy,
and the gap between the RSRR and the T-type resonator at
the top. At 9.15GHz, strong cross-polarization conversion is
observed. Field distributions inside the structure are twisted
as a result of the antiparallel current flow as shown in Fig. 4(e)
and Fig. 4(f).

It is clear that in resonant structures the incident elec-
tromagnetic wave causes strong electric fields in the gaps
and strong magnetic fields around the electric currents in
metallic strips. This interaction between metasheet and elec-
tromagnetic wave along with the mutual coupling between
the resonators within the unit cell is responsible for the
overall behavior of the FSS. Therefore, the two controlling

FIGURE 5. Effect of parameters on the transmission behavior and the
resonance frequencies. Ellipticity as a function of frequency when only
(a) gxs is varied, (b) gys is varied, and (c) d2 is varied in millimeters.

factors are the geometry of the elements in a unit cell and
the spacing between the elements. A multi-resonators based
approach is used to create small capacitive gaps within a unit
cell, which can provide tunability by changing the coupling
between the elements. In particular, a T-type resonator was
chosen because it is center connected, behaves like an electric
dipole for parallel electric field incidence, and it does not
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FIGURE 6. Electric field trace of the transmission coefficient when the
incident wave is LP. The arrow indicates the direction of rotation in time.
The major axis makes (a) 93.5◦ (b) −84.9◦ (c) −6◦ (d) 11.4◦ (e) −21.7◦
with respect to the y-axis. Positive and negative sign of θ represent the
clockwise and the counter-clockwise sense of polarization azimuth angle
rotation, respectively.

affect the inter-element spacing in an array formed by the
RSRRs. At its edges/corners, the T-type structure establishes
three regions of strong coupling (gx , gy, and the gap at the
top of the unit cell) with the RSRR, which allows to control
the resonance frequency with very few parameters. This is
demonstrated in Fig. 5. In Fig. 5(a), gxs represents the lateral
gaps between the RSRR and the T-type resonator at the
bottom of the unit cells located on the right diagonal in a
supercell. As seen from the electric surface current distribu-
tion, the right diagonal elements predominantly contribute to
the second resonance and produce an RHCP wave. When gxs
is changed from 0.2mm to 0.6mm, the resonance frequency
shifts to lower frequencies. The tunable bandwidth is 88MHz
for only 0.5mm change and the ellipticity remains at above
44◦. The lower resonance frequency remains unchanged and
is hence not shown. Similarly, gys represents the vertical gap
between the RSRR and the T-type resonator for the right
diagonal elements. In Fig. 5(b), it can be seen that when
gys changes from 0.2mm to 0.6mm the resonance frequency
shifts to lower values. The tunable bandwidth in this range is
230MHz where the ellipticity is above 44◦. Fig. 5(c) shows
the effect on both resonance frequencies when d2s is changed.
Increasing d2s, shifts the resonance frequency to lower values
and does not affect the ellipticity significantly. The tunable
bandwidth is 1.35GHz when d2s changes from 0.5mm to
1.2mm. In resonant structures, the effective permittivity and
permeability change very sharply around the resonance fre-
quency. This means that a small change in the frequency
results in a significant change in permittivity and permeability
(this concept is often exploited in sensors).

The polarization states of the transmitted wave for a
y−polarized incident wave are illustrated in Fig. 6. In general
the transmitted waves have elliptical polarization except at
the resonance frequency, where the transmitted wave is circu-
lar polarized. When the major axis of the ellipse rotates with
respect to the polarization of the incident wave, the angle of

FIGURE 7. Transmitted orthogonal components obtained with
measurement setup shown in Fig. 2.

rotation is called polarization azimuth angle and it is defined
as, θ = [arg(T+) − arg(T−)]/2. Due to a strong cross
polarized component, the transmitted wave is elliptical at low
frequencies as shown in Fig. 6(a) and 6(b). The weak cross
polarized component between 10GHz and 13GHz results
in a very thin ellipse as depicted in Fig. 6(c). Additionally,
small rotation is observed in this region. Strong resonance
and mutual interactions at 14.79GHz and 16.4GHz in both
layers cause the nπ/2 phase difference and equal magnitudes,
hence the RHCP and the LHCP waves are created as shown
in Fig. 6(d) and 6(e). The table in Fig. 6 shows the polarization
azimuth angle in degrees and the ratio between the amplitudes
of the orthogonal components of the transmitted wave for the
corresponding frequencies.

The simulated PSS was realized for an experimental
demonstration. The results are shown in Fig. 7. The resonance
frequencies from the simulation and the measurement are in
good agreement but a decline in magnitude was observed
in the measurements particularly for the co-polarized com-
ponent. Also, it is observed that the material loss effects
the resonances differently at low frequencies than at high
frequencies. This magnitude reduction is caused by the losses
of the substrate. It is known that the performance of the
polarization converter is greatly affected by slight changes in
the dielectric losses [15]. Therefore, a comparison is shown
for better understanding of the behavior.
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TABLE 1. Performance comparison of different polarization converters.

In Table 1, a comparison with some previously presented
designs is made based on the key performance parameters.
The proposed design shows improvement in ellipticity and
PER, but has a larger thickness compared to some of the
references mentioned (due to the available fabrication facility
a thinner substrate could not be used). However, the thickness
can be further reduced by using a suitable substrate. In [33],
the thickness of the unit cell is the same as in the presented
design but the period of the unit cell is 13mmwhile the period
of the presented unit cell is 5 mm and the supercell is 10 mm.

V. CONCLUSION
An asymmetric polarization selective surface design based on
metamaterial resonators of different kind has been proposed.
Strong cross polarization rotation and conversion has been
observed, which is as high as−2 dB and−4.5 dB at 9.15GHz
and 14.79GHz, respectively. The surface current distribu-
tion and surface charges are used to illustrate the twisting
and coupling effects. This further helps in distinguishing
the RHCP and the LHCP waves. The results were validated
experimentally. The design offers miniaturization, excellent
polarization conversion efficiency, tunability, and resonance
control.
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