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Abstract

A fission transmission linear-to-circular polarization conversion based on bi-layer structure is
proposed which is composed of 3 x 3 array to convert linear-to-circular polarized wave. The structure is
constructed by half square with “H” shape printed on both sides of the dielectric substrate that are
subjected to obtain multi-band at resonance frequencies. The proposed structure realizes the giant circular
polarization under the normal incidence for right and left circular polarized waves. After transmission, the
incident wave decomposed into two orthogonal linear components have equal magnitudes and 900 phase
difference between them. The novel approach of “fission transmission of electromagnetic waves” is firstly
introduced to understand the physics of giant circular polarization conversion which is based on the
sequence of incident and transmitted waves to generate strong circular dichroism.
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1. Introduction

Polarization is a basic characteristics of EM waves, which is widely used in various EM
wave applications including radar, and wireless communication system. Polarizer is an
important method to realize circular polarization wave. Circular polarizer can transfer the linear-
to-circular polarized wave under the normal incidence of plane wave. Circular polarizer can be
designed by employing photonic [1-3], chiral structures [4-8], metasurface, metamaterials [9],
meander-line [10], slots of different structures [11,1 2], waveguide [13, 14], grating structures
[15, 16], quarter wave plate [17, 18], etc.

The layer-by-layer chiral metamaterial structure was presented to achieve circular
dichroism and exhibit the characteristics of two-dimensional and three-dimensional structures
[19]. The concept of bi-layered chiral metamaterial were presented to enhance the asymmetric
transmission for circular polarized wave. It was observed that the magnitude of asymmetric
transmission parameter based on the distance between metal layers [20].

Another contribution of an ultrathin asymmetric chiral metamaterial multi-band structure
composed of twisted double-gap spilt resonator was introduced in which the large polarization
extension ratio of more than 18 dB was achieved at four resonant frequencies [21]. A bi-layer
twisted spilt-ring structure asymmetric chiral metamaterial was presented to achieve circularly
polarized wave with dual bands. The proposed dual-band structure features high conversion
efficiency at resonant frequencies. In addition, the large polarization extension ratio of more
than 16 dB was obtained [22].

The double-layer spilt ring resonator structure was proposed which obtain the
pronounced circular dichroism effect in addition to RHCP wave and LHCP wave [23]. A kind of
circular polarizer convertor based on bi-layered asymmetrical spilt ring metamaterial was
proposed which convert RHCP wave to LHCP wave and optimize the circular polarizer by
varying the distance between two metal layers [24]. The simple bilayer structure was proposed
as near-perfect dual-band circular polarizer based on bilayer twisted. The presented structure
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obtained the RHCP wave and LHCP wave, which exhibits the polarization extension ratio more
than 30 dB at operated frequencies [25].

Multilayer structures are introduced for FSSs to manipulate the polarization state.
Wideband circular polarizer is proposed using stacked dual-layer periodic arrays [26], which are
separated by large distance of 0.33 operational wavelength. As shown in [27], the performance
of circular polarizers can be improved by using multilayers, but the fabrication becomes
expensive and challenging because they contain up to multilayers. The multi-band of polarizer is
useful for many applications. The polarization characteristics of transmitted wave of dual-band
asymmetry chiral metamaterial structure was demonstrated in [28].

A proposed fission transmission linear-to-circular polarization converter based on
compact bi-layer is presented. The transmission characteristics of T, and T,, of the proposed
structure is investigated on the four frequency bands. The novel approach of “fission
transmission of electromagnetic waves” is firstly introduced to obtain strong circular dichroism
based on the incident of linearly polarized wave which is converted into two orthogonal
components through lower printed metallic strips layer. Simultaneously, the two transmitted
orthogonal components impinges on the upper printed strips along +z direction and converted
into four orthogonal vector components at the end of structure. In order to sequence of
projection and transmission of orthogonal components through printed structure produce strong
circular dichroism. Meanwhile, the sequence of projection and transmission result strong
magnetic response between two layers. In order to realize this idea, the distribution of surface
currents are analyzed to demonstrate the strong circular polarization conversion. The designed
structure achieves two orthogonal polarization eigenstates (RHCP) wave and (LHCP) wave at
four frequency bands. The significant advantages of this proposed structure are obtained, such
as, multi-broadband, good circular polarization, simple and compact structure, easy fabrication
and can be used for the microwave applications.

2. Structure Design

Figure 1 depicts the unit cell of compact multi-band circular polarizer. The two structure
with same size are printed both sides of substrate with different directions in XOY plane. The
top printed structure is tilted at 45° and the bottom slanted at -45° along xoy directions,
respectively. The substrate is chosen with relative permittivity Er and thickness t. The length
and the width of the structure are represented by |, I, Is and wy, w,, respectively, whereas, the
thickness of structure is assumed to be negligible as compare to operational wavelength. The
periods of the unit cell are represented by px and py in x and y sides.

The software ANSYS HFSS is used to simulate the unit cell and get the electromagnetic
characteristics. The dielectric substrate Roger RT/duroid 5880 is employed in this design. The
selected parameters are as £r=2.2 with loss tangent of 0.0009, t = 0.787 mm, I, =1.13 mm, |, =
2.26 mm, I3 = 1.41 mm, w; = 0.35 mm, w, = 0.35 mm, px = 5mm and py = 5 mm, respectively as
shown in Figure 1(a). The periodic boundary conditions Master and Slave are assigned to
simulate the infinitely periodic geometrical structure along x and y axis. The excitation of portl
and port 2 is provided by floquet modes with two orthogonal waves represent the vertically (E,)
and horizontally (E,) polarized vector components of the incident wave.

Back Side
of Structure

Front side

of Structure

Figure 1. Geometry of the Unit Cell of Figure 2. Simulation Model of Compact Multi-
Compact Multi-Band Circular Polarizer band Circular Polarizer based on 3x3 Array
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We proposed periodical 3 x 3 array of identical units printed on top and bottom sides of
the substrate depicted in Figure 2. The array occupies an overall area of 15mm x 15mm. The
bottom tilted structure pattern is formed by rotating an enantiometric form of the upper slanted
strips pattern by 90°. The periodical absorbing boundary conditions are used around the
infinitely 3 x 3 array simulated model and open boundary conditions are applied along the
perpendicular to the direction of EM wave propagation. An incident linearly polarized wave can
be decomposed into two orthogonal vector components which pass through polarizer with
different velocities; the outgoing field is circular polarized wave at the end of polarizer.

3. Operating Principle

The circularly polarization purity depends in structure of the proposed multi-band
circular polarizer. Assuming the beam of x-polarized wave is impinged along +z direction, the
incident wave can be expressed as:

E =E, = xE,e"
i X XEO (1)

When the structure is excited by polarized wave the transmitted electric field is
determined as:

E = xTXXEi+yTXyEi @

The RHCP and LHCP transmitted waves are achieved when the amplitudes of T,, and
T. equal to each other. The transmitted RHCP wave and LHCP wave can be expressed as:

2,70 iz’

Erice = Trrcrox (%(E X +Ee? y)J 3)
2 iZ " "

Eivce = Tirerx (%(Eie 2 X+ E y)j 4)

It is expressed that T, = EL/EL, Ty, = E}/EL. In these expressions, the first subscript
indicates the output polarized wave and second subscript represents the input signal
polarizations, respectively. For instance,T,, =E§/E};, where E!l is the applied as input x-
polarized wave along +z direction and Ej is transmitted y-component of electric field. The
complex transmission and reflection can be defined as T, = T,, ti, Ty, where “+" and “-"
refer to the right- and left-handed circular polarization [29].

It is defined that the normally incident electric field is along -x direction, the transmission
of co-polarization T,.and cross polarization T,,can be evaluated, where the first subscript
represents the polarization of transmitted field and second subscript represents the polarization
of incident field. If the cross-polarization is lower than co-polarization T,,<T,,, it means that
transmitted waves are elliptic polarization. Therefore, the co- and cross-polarization
transmission coefficients should have equal amplitudes and phase difference between them
must be /2.

Assuming that T,, = EL/EL represent the transmittance of x-to-x and x-to-y polarization
conversions. The two decomposed components of transmitted linearly polarized waves E:
and E;, from the bottom layer employ as incident polarized waves EL and E; for the top layer
along the +z direction. As, the incidence of E. and E; as the excitation source, the two more
pairs of orthogonal vector components can be generated at the other side of top layer, which
realize the novel approach of “fission yields vector components of electromagnetic waves”.

Moreover, the high polarization conversion efficiency and asymmetric transmission is
achieved through proposed structure based on bi-layer structure. Subsequently, it is realized
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that four transmitted orthogonal vector components converge to each other and constitute
strong circular dichroism at the end of structure. The physics of operating principle based on the
fission transmission of electromagnetic waves which realizes the incident wave decompose into
two transmitted wave through bottom layer and output two orthogonal wave impinges on the
surface of upper layer to be converted into four transmitted orthogonal components at the end
of structure. Moreover, it is assumed that the sequence of an incident and transmission
products causes additional transmission of orthogonal components to sustain chain
transmission of EM waves by using double metallic layered structure.

4. Result and Discussion

Initially, numerical simulation is used to better understanding the polarization conversion
and transmission characteristics of unit cell structure by using ANSYS HFSS. The incident x-
linearly polarized wave is employed as excitation source to the sample surface. The model is
excited by floquet portl with linearly polarized wave range from 25-40 GHz. Figure 3 represents
the transmission coefficients of T,, and T,, under the normal incidence of electric field. The
transmission coefficients of T,, are 2.71 dB, (f1 = 32.58GHz), and 5.73 dB (f2 = 37.18GHz2),
respectively. Meanwhile, the transmission coefficients of T,, are obtained 3.95 dB at (f1) and
4.89 dB at (f2), respectively. In order to achieve polarization conversion of transmitted waves,

the axial ratio AR = I-I-Xym-rxx'and their phase differences CD(| T"VD c1>(| T"Xl) of
cross- polarization and co-polarization transmission are achieved.

The axial ratios between transmitted waves T, and T,, are shown in Fig.4, and the
corresponding phase differences results between transmitted waves are presented in Fig. 5
which attributes the values of phase difference at the operated frequency bands. Where, the
values of axial ratios are 1.2 at (f1) and 1.1 at (f2), respectively. The corresponding phase
differences are calculated to be 90.81° at (f1), and 127° at (f2), which means purely circularly
polarized wave are achieved at distinct frequency bands.

Figure 4 represents the large axial ratio bandwidths at two frequency bands ranging
from 25GHz-40GHz, which are contained at 31.29-33.04GHz, BW = 5.38% and 37.04-37.22
GHz, BW=0.55% , respectively. The accumulated axial ratio bandwidth of 5.93% is obtained at
the dual-band ranging from 25GHz-40GHz. The RHCP wave is obtained at dual band. In
general, the polarization azimuth ratio is expressed by ¢ = (arg (T+) — arg (T-))/2 to calculate
the polarization changes of the structure.

200 —— Phase Difference

Phase Difference/deg

Transmission Coeffecients/dB

—Txx
—Txy -400 TR S R RPN RO TP TP SO SO SO NP TP SR
L.l

-2 e L L L) 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 Frequency/GHz

Frequency/GHz

Figure 3. Indicates the transmission Figure 4. Represents the Phase Difference
coefficients of Txx and Txy versus frequency Between Transmitted Wave Versus
for normal incident wave at 6 = Oo Frequency

Figure 6 represents the transmission coefficients of T,, and T,,. The transmission
coefficients of Txx are 10.82 dB (f1 = 30.24GHz), 5.28 dB (f2 = 33.90GHz), 5.49 dB (f3 = 35.40
GHz) and 7.29 dB (f4 = 38.82 GHz), respectively. Meanwhile, the transmission coefficients of
Txy are obtained 10.57 dB (f1), 8.71 dB (f2), 10.35 dB (f3), and 7.71 dB (f4), respectively.
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Figure 7. Denotes the Axial Ratio of Transmitted Wave Versus Frequency

The axial ratios between transmitted waves are shown in Figure 7 and the
corresponding phase differences results are presented in Figure 8 which attributes the values of
phase difference at the operated frequency bands. Where, the values of axial ratio are 1.02,
0.67, 0.57, and 0.95, respectively. The corresponding phase differences are calculated to be -
135.33° (f1), -90.39° (f2), -122.07° (f3) and 255.31° (f4), respectively.

Figure 8 represents the large axial ratio bandwidth at the four different resonances
ranging from 25GHz-40GHz, which are broaden at 29.47-30.24GHz, BW= 2.36%, 32.90-
34.83GHz, BW = 5.93%, 35.12-35.75GHz, BW = 1.95% and 38.46—39.18GHz, BW = 2.21%,
respectively. It is shown that the accumulated axial ratio bandwidth of 12.45% is obtained at the
four corresponding frequency bands ranging from 25GHz-40GHz. The generated outgoing wave
are RHCP and LHCP waves are assumed that polarizer is illuminated by the incident wave
polarized at slant 450 and -450, respectively. The RHCP waves are obtained at 30.90.47-33.74
GHz, 38.80-39.18 GHz and LHCP wave are achieved at 29.47-30.24 GHz, 33.75-34.84 GHz,
35.12-35.75 GHz and 38.46-38.79 GHz, respectively. In order to evaluate the performance of
multi-band compact circular polarizer by using the polarization conversion coefficient
corresponding phase difference over four broadband resonant frequencies under the normal
incident angle.

To elucidate the physical origin of strong circular dichroism and optical activity of our
design, the surface current distribution can be observed on top and bottom structure printed on
both sides of substrate at the resonant frequencies, as depicted in Figure 4. The solid (dash)
line arrows indicates the front (back) surface current distribution and electric field direction on
the top and bottom strips. The surface currents are in same directions on front and back side of
structure at 30.24 GHz and 38.82 GHz which attributing to symmetric resonance mode.
Meanwhile, the, surface currents on the top and bottom layers are in opposite direction on both
sides of structure at 33.90 GHz and 35.40 GHz which corresponds to an asymmetric resonance
mode. It means that the surface currents indicate the excitation of giant circular dichroism effect
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of frequencies 30.24 GHz and 38.82 GHz results from the electric dipole resonance, and two
frequencies 33.90 GHz and 35.40 are mainly from the magnetic dipole resonance.

From Figure 4(a) and (b), it can be observed that the surface currents direction on the
top and bottom strips are antiparallel at all distinct resonant frequencies, which shows the
effective current loops. It is realized that the magnetic vectors induced by current loops on the
surface of the strips are not perpendicular to the electric vectors of the incident wave, therefore,
the cross-coupling behaviour between electric and magnetic fields realizes at four resonant
frequencies. Similarly, the surface current distribution at some portion of the layers is week
because the magnetic field is parallel to the y-direction and electric field along x -direction,
resulting in the transmitted cross-polarized wave. Based on the fact that the direction of surface
currents between two layers create electromagnetic response is shown as black arrows:

Figure 4. (a) and (b) Shows the Distributions of Surface Currents on Top and Bottom Structure
Printed on Both Sides of Substrate Under the Incident Field with E in the x Direction
Propagating Along +z Direction at (a) f = 30.24 GHz, (b) f = 33.90 GHz, (c) f = 35.40 GHz, and
(d) f =38.82 GHz

Figure 4(a) and (b) represent the direction of currents which are totally antiphase
between two layers and attributes the giant circular polarization conversion at distinct
frequencies. Whereas, the in-phase currents represent the electric response and antiphase can
lead to magnetic response [30-33]. The incident x-polarized wave excites the current loops in
metallic strips which produces the magnetic dipole moment. In addition, the electric and
magnetic responses exists not only on the surface of the each strips but also between the strips
due to the strong coupling effect [34, 35].

5. Conclusion

In summary, the proposed structure is comprehensively characterized with good
transmission of decomposed orthogonal vector components. Firstly, the novel concept of
“fission transmission of EM waves” is introduced and its physics to realize the strong circular
dichroism at resonant frequencies. This novel approach can be realized by employing multi-
layers to achieve strong optical activity at frequency bands. The performance of multi-band
circular polarizer is computed with HFSS simulation. The proposed structure has good circular
polarization efficiency, multi-broadband operating bandwidth which makes potentially useful for
many practical systems. The designed model of polarizer is compact, very simple and can be
easily fabricated. Moreover, it is possible to enhance the bandwidth performance by changing
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some geometric parameters of the circular polarizer, such as, thickness of substrate, size,
orientation of strips and using multi-layer to obtain giant circular dichroism.
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