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Abstract A circular polarizer based on bi-layer split ring structure is proposed that could
achieve asymmetric fission transmission of linearly polarized wave at the dual band.
Firstly, a new approach of “Fission Transmission of Electromagnetic (FTEM) waves” is
introduced to understand the polarization transformation behavior for linear-to-circular
polarization. The designed structure achieves broadband circularly polarized wave with an
asymmetric transmission over resonance frequencies by the principle of FTEM wave. The
electronics circuit of proposed structure demonstrates the transformation behavior of EM
waves when the electric and magnetic coupling between the upper and lower patterned
SRR is reached at the certain strength. The physics of the giant circular dichroism effect
and optical activity is illustrated by the surface currents distribution on the structure. The
proposed structure achieves a right-handed circularly polarized wave and left hand cir-
cularly polarized wave with high transmission at 13.94-15.70 GHz and at
16.0-17.03 GHz, respectively. The axial ratio bandwidth of 11.76 and 6.86% is obtained at
the dual band. The simulated and measured results exhibit good correspondence.
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1 Introduction

Polarization control of electromagnetic waves has long been a concern for the wide range
of applications in modern satellite and communication system. The circular polarizer is a
basic device in antennas with circular polarization because it manipulates the polarization
state and obtains the phase difference 90° between two decomposed orthogonal linear
components [1]. The circular polarization has better performance to offer the superior
transmission signal over the linearly polarized wave. Many transmission type circular
polarizers are introduced, such as grating structure, U-shape split ring resonators, metallic
helices, meandered lines and parallel plates [2—10]. Furthermore, various configurations
are presented for constructing dual-band circular polarizers, such as structure based on
twisted Q-shaped metasurface [11], split ring resonator [12—14], thin dual-band polarizer
was introduced for satellite applications [15]. The multi-band circular polarizer based on
periodic metallic strip array [16]. Though, all introduced structures are affected by the
bandwidth limitation over the operating frequencies.

Widening bandwidth is an important issue in polarizer research. However, lots of
polarizers, such as the metamaterial polarizer, usually operate over narrow band. The
circular dichroism was obtained across a narrow band at resonance frequencies [17]. The
broadband polarizer limits the use of narrow band polarizers in high gain multi-beam
antenna systems. Therefore, the transmission-type circular polarizers are more attractive to
avoid the band limitation due to the cut-off characteristic of waveguide circular polarizer
[18]. The wider bandwidth of SRR can be achieved by using different values of loaded
capacitor and inductor in equivalent RLC circuit [19].

The polarization rotating FSS which is based on SIW cavity resonator was introduced to
enhance the bandwidth from 4.6 to 7.2% [20]. The circular polarizer constructed of single
layer of split ring resonator achieved bandwidth of 8% at resonant frequencies [21].
Recently, a new structure was proposed to realize circular polarization at 35 GHz and
achieved bandwidth of 9.1% [22].

In this paper, asymmetric fission transmission of linear-to-circular polarization con-
verter using bi-layer split-ring structure is introduced which is based on the principle of
FTEM wave. The analogy to the structure in [23], the SRRs array pattern is adopted with
different dimensions on the both sides of the substrate to achieve more resonance fre-
quencies when electric field impinges on the designed structure along the x-direction.

Firstly, the innovative approach of FTEM wave is presented, which transforms linearly
polarized (giant optical activity) wave into the circular polarized (strong circular dichro-
ism) wave. It means that the x-polarized wave impinges on the proposed polarizer along
the + z direction, the two orthogonal linearly polarized components canemerge through
the bottom layer. The two transformed components from bottom-layer are used as exci-
tation source for upper-layer. Finally, the four orthogonal linear components emerge at the
end of structure and converted in circular polarization. This impinging and transmission
sequence of the orthogonal components constitutes the chain transmission of the linearly
polarized wave. We present the mechanism of asymmetric transmission which is attributed
to designed structure. The proposed structure achieves RHCP wave and LHCP wave with
high transmission at 13.94-15.70 and 16.0-17.03 GHz, respectively.

The high transmission efficiency and axial ratio bandwidth at dual-band are the good
advantages of proposed design which are relatively better than reported work. The
designed structure is simple and can be easily fabricated. The increasing number of unit
cell printed on both sides of the dielectric substrate is subjected to enhance the axial ratio

@ Springer



Asymmetric Fission Transmission of Linear-to-Circular... 987

bandwidth at resonance frequencies. Meanwhile, the proposed structure is also suitable to
design the application of microwave devices and scaled into higher frequencies ranges.

2 Design Principle and Theoretical Analysis

Figure 1a, b represent the layout of the unit cell and two-dimensional array of asymmetric
fission transmission of linear-to-circular polarization converter. The two types of split ring
resonator of the perfect electric conductor (PEC) with different dimensions are patterned
on each side of substrate Roger. The period constant is denoted by parameter p and the
thickness of substrate denoted by ¢. The width is both patterned SRR assumed to be w while
the outer and inner radii of both identical rings are denoted by ry and r,. D is shown the
opening rings (whereas, D, and D, are the horizontal opening space of upper and bottom
SRR). The thickness of SRR layers on both sides of the substrate is represented by t,,,. The

(b)

Fig. 1 a Perspective of the unit cell, b asymmetric fission transmission of linear-to-circular polarization
converter
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central angle of each ring is identically represented by 0. The printed rings of the back side
of the substrate are twisted by an angle of ¢ with respect to the printed ring on the front
side.

The dielectric Roger RT/duroid5880 is selected with relative permittivity as ¢, = 2.2
with loss tangent of 0.0009. The following geometry dimensions parameters are follows as
p=8mm, t=0.787 mm, w=1.87 mm, r, = 1.5 mm, r, = 3.4 mm, D; = 2.8 mm,
D, = 3.4 mm, t,, = 0.0l mm 0 = 280°, ¢ = 270°.

The designed structure is fabricated into 9 x 9 unit cells sample. The array occupies an
overall area of 72 mm x 72 mm. Figure 2 shows the photograph of sample of structure.
The experiment is performed through free space in microwave anechoic chamber.

The transmission characteristics of the proposed structure are analyzed by using
ANSYS HFSS. The periodic boundary conditions are set to the x- and y-directions. The
linearly polarized wave is applied along the + z direction to excite the structure. The
constructed structure has the strong strength to achieve giant CD effect due to strong
coupling between the electric and magnetic field. The fabricated sample is tested by
performing the experiment.

In the measurement, the sample and distance between the pair of horn antennas are
adjusted to ensure the far field zone. The sample is perpendicularly placed in middle
position between two linearly polarized horn antennas. The standard antennas are con-
nected to vector network analyzer Agilent N5230C to measure the co-and cross-trans-
mission characteristics of the sample. The vector components of the EM wave can be
obtained by changing the orientation of antennas. The receiver antenna is rotated from
horizontal to the vertical direction to measure the cross-polar transmission. The measured
co-polarization reference is utilized for the cross-polar measurements. The raw data is
shown in oscillating behavior; therefore, a data processing procedure similar as in Ref. [24]
is used to remove oscillations behavior from data.

The phenomenon of polarization conversion is defined by using electric circuit of
designed structure depicted in Fig. 3. The bi-layer of SRR is introduced in this structure to
obtain equivalent orthogonal linearly polarized waves at the end of the upper layer with
90° phase difference for the incident of x- linear polarization. However, the twisted SRR at
the both sides of the structure have enough potential to convert linear-to-circular
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Fig. 2 The photograph of fabricated sample a represents the top view and b shows the bottom view of the
designed structure
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Fig. 3 Depicts the equivalent RLC circuit of structure

polarization due to the magnetic and electric field mutual coupling between them. The
proposed structure based on bi-layer of SRR modeled by an equivalent electric circuit
which consists of inductor-capacitor series resonant circuits. The coupling resonance of
proposed structure is described by the RLC resonant circuit.

The proposed structure is composed of the metal SRR due to array pattern adopted with
different dimensions on the both sides of substrate. The horizontal opening space of the
rings is modeled by capacity C,p,. The each ring corresponds to the solenoid that is shown
by inductance L. In addition, the overall capacity created between two horizontal SRR of
the structure can be represented by C,. The overall electric and magnetic interaction
between upper and lower twisted SRR creates the mutual capacitance introduced by Cqyp,
respectively. The implemented metal SRR are adopted with inductance L; = p,(r, + w/
2)In(2ry/w + 1) and capacitance C,, X &,t,,/2D. The resonant frequency f, can be
determined based on the geometric parameter of DSRR. The printed SRRs consist of
perfect electric conductor PEC with inductance “L” and a capacitance “C” attribute to
opening space or gap between two SRR, respectively. The modeled electric circuit RLC
series circuit with resonance frequency can be shown as follow. The resonant frequency
‘fo’ of upper and lower layers may be expressed based on geometric parameters of the
structure.

1 1

" 20 /L(Cp + G 2nVIC'

According to RLC series circuit, the L is the total inductance and C is the total
capacitance of the structure. The capacitance Cg,, created between two perpendicular
patterned rings expressed as follow.

Jo (1)

£-608
Coap = —— 2
gap g (2)

(3)
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whereas the “S” represents the area between upper and lower SRR and S = n¢/360
(r5 — r}). The r; and r, show the outer and inner and outer radii of the lower SRR. The
electric and magnetic coupling described by the Euler—Lagrange equation and the eigen-
frequencies of coupled structure can be obtained by solving this equation.

\/1 +x. .{cos(() — ¢) — acos(0 — ¢)2 + blcos(0 — ¢)3]}
(1£xm)

where K, = M,/L and K,, = M,,/L are represented by the coefficients of coupling of
electric and magnetic between two layers of the structure, which is the functions of the
angle between 0 and ¢; whereas, a and b are expressed by numerical factors. The overall
interaction of electric and magnetic are described by capacitance and mutual inductance of
twisted DSRR in order to (8 — ¢) = 10°, respectively.

Based on the physics of coupling effect, the co-and cross- polarization transmission
characteristics are considered for the case of twisted angle (0 — ¢) = 10°. The impinged
electric field travel toward the polarizer in the + z direction.

The technique is applied to calculate the transmission characteristics of the designed
structure are discussed. The incident linearly polarized wave travel toward the polarizer in
the + z direction. The incident linearly polarized wave can be decomposed into two
orthogonal vector linearly polarized components of equal magnitude with 90° phase dif-
ference between them. The two orthogonal components provide two linear phase responses
with phase difference of 90° to realize circular polarization. The structure manipulates
polarization transformation based on impedance matched for both co-and cross polariza-
tion transmission providing two linear phase difference of 90° response. Based on these
principles, the designed structure offers wideband operation. The impinged wave can be
expressed as

Je=fo (4)

E; = E, = Eye'**. (5)

The transmitted electric field along + z direction is determined as
E; = XTE; + );TxyEi (6)

where Ty and T,, are the transmission coefficients of co- and cross- polarization.
Assuming that T, = E!YE. and Ty =T, = E;/ch show the transmittance of x-to-x and x-
to-y polarization conversions. In fission transmission of EM wave, the impinged x-linearly
polarized wave is converted into to two orthogonal components. Meanwhile, the two
transformed components through bottom layerE: andE;are used as linearly incident
polarized waves E. and E; for upper of the structure. The following equation is expressed
for the incident and transmission along the + z direction from bottom layer of the
structure.

E} Lo | 1
Bottom-Layer-1 B | = |, [E.]. (7)

The two transformed waves impinge on the interface of the toplayer along + z direction
and four linear waves can be obtained at the end structure. Meanwhile, the incident and
transmission of the linearly polarized wave from the top-layer can be expressed as
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Ele t
Top-Layer-2 { Ez?‘ } = [;y‘j [E}]

E)fczz . txy .
[E’] = Lyy} =) ®)
The sum of Egs. (7) and (8)

5] = [ v][2]

=177 hl- 9

EIRbIE ®)
In the end of the structure, the strong CD effects can be obtained due to strong coupling

between electric field and magnetic field. The approach of FTEM wave expatiates the

physical behavior of linear-to-circular polarization conversion and strong coupling of an
electric and magnetic field to achieve giant optical activity and strong CD effects.

3 Simulated and Experimental Results

In simulated and measured results, the co-and cross-polar coefficients are obtained
7.52(7.93) dB, 5.42(4.92) and 4.60(5.13) dB, 1.58(1.98) dB are achieved f; = 14.56 GHz
and f, = 16.98 GHz as shown in Fig. 4a, b. The axial ratio 20log;(IT,,/Tx/) and phase
difference @(ITyyl) — @(ITyl) are achieved along the + z direction. The phase difference is
calculated to be 90.13°(91.64°) and — 285.95°(— 285.34°) at f; and f,. The axial ratio
between transmission is obtained 0.60 dB (0.65 dB) at f; and 0.29 dB(0.40 dB) at f,, as
depicted in Fig. 4c, d. The large axial ratio bandwidths is obtained which is broader at
13.94-15.70 GHz, BW = 11.76% and 16.0-17.03 GHz, BW = 6.86% respectively. The
proposed structure achieves RHCP wave and LHCP wave with high transmission at
13.94-15.70 GHz and at 16.0-17.03 GHz, respectively.

The simulated and measured results exhibit good correspondence that indicate the
extracted values have the least difference and slight frequency shift between numerical and
experimental curves. The high transformation efficiency is clearly demonstrated from
lower to higher frequency ranges as depicted in Fig. 4a, b. The amplitudes of T,y and T,y
are nearly same around resonance frequencies from 13.94 to 15.70 GHz and
16.0-17.03 GHz, respectively.

In this particularly designed structure, the CD effect and purely circular polarized wave
are achieved for the x-linearly polarized wave. It is noticed that the co- and cross-
polarization wave are highly transmitted from lower to the higher frequency range at and
converted into circular polarization wave.

The surface current distributions elucidate the polarization transformation behavior and
interpret the asymmetric transmission at distinct resonant frequencies. The simulated
surface current distributions are denoted in Fig. 5a—d which illustrate the resonance
behavior of structure at 14.56 and 16.98 GHz. The mechanism of strong CD and optical
activity can be determined by the coupling of the electric and magnetic field. Based on the
current distribution between layers, the in-phase currents are attributed to electric response
and the anti-phase lead to the magnetic response which generates the electromagnetic
response between two layers. In Fig. 5a—d, the solid (dash) line arrows indicate the surface
current distribution on the top and bottom layers at 14.56 and 16.98 GHz. The two current
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Fig. 4 The simulated and measured results a, b transmission coefficients versus frequency, ¢, d phase
difference versus frequency and axial the ratio between cross-co-polarization versus frequency

modes are distributed at the operating resonant frequency. One is dipole and other is loop
mode which moves on the both sides of printed layers.

The surface currents occur in same directions on bottom metallic layer which attribute
to symmetric resonance mode and the direction of surface currents on the top layer moves
antiparallel which corresponds to an asymmetric resonance mode at lower frequency range
as shown in Fig. 5a, b. In Fig. 5c, d, the strong coupling of electric and magnetic field
enhancement occurs on top and bottom layers along x and y-direction at higher frequency
range. It indicates that the giant circular dichroism effect results from the electric and
magnetic dipole resonance.

The antiparallel surface currents direction on both sides of structure at higher fre-
quencies which show the effective currents loops. The resonance frequencies of proposed
structure can be changed by adjusting the electric circuit parameters of LC. The bandwidth
can be controlled by adjusting the parameters length and opening gap D of SRR. In this
discussion, the surface currents distributions on both sides of structure are antiparallel at
higher frequency range which indicates the antiparallel magnetic dipole moment with
asymmetric transmission wave.

Figure 5a, b represent the direction of surface currents on the top and bottom layers are
not identical. Based on the observation, the antiphase surface currents distribution on the
top and bottom layers realize the giant circular polarization conversion in the structure at
16.98 GHz as denoted in Fig. 5c, d, respectively.
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Fig. 5 a, b The simulated
surface current distributions on Jsurf [A/m]
top and bottom layers at

f; = 14.56, and ¢, d the
simulated surface current
distributions on top and bottom
layers at f, = 16.98
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The in-phase and anti-phase currents direction on the top and bottom layers at lower
frequency and higher frequency ranges exhibit the characteristics of an electric and magnetic
dipole. The in-phase currents determine the electric resonance and antiphase illustrate
magnetic resonance response [25-28]. In addition, the electric and magnetic response exists
not only on the surface of the each layer but also between the top and bottom layers due to the
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strong coupling effect [29, 30]. Based on these observations, the currents between two layers
create strong circular dichroism response due to FTEM waves [31, 32].

4 Conclusion

The new approach of FTEM wave is introduced to realize the polarization conversion. In this
communication, the novel approach of FTEM waves is firstly introduced to achieve giant CD
effect due to strong coupling of the electric and magnetic field. The perfect circular polar-
ization and high efficiency of proposed structure are computed with HFSS simulation and
validate its results by experimental. The designed structure possesses the high transmission
efficiency at operated frequency bands. The simulated and measured results exhibit good
correspondence. In addition, the proposed structure with high bandwidth could be expected
by changing geometry stability of implemented SRR. The presented design is feasible to be
constructed to higher scale array in terahertz and even optical region. This designed structure
has good performance which is useful for various applications such as, remote sensors,
antenna applications, and may be recommended for optical applications.
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