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Abstract. In this study, asymmetric transmission, natural chirality phenomena and a retrieval study with chiral meta-
materials (MTMs) are numerically and experimentally focussed, investigated and discussed by examining the polarization
conversion effect. Suggested multi-functional designs have simple geometries (π -shaped), low losses and huge optical
activities. In addition, these new designs are numerically and experimentally retrieved in the study. The proposed model has
many advantages with respect to the asymmetric transmission and chiral MTM studies in the literature. These advantages are
having simple geometries (π -shaped), large asymmetric transmissions, small chirality like natural materials and also huge
chirality can also be provided by rotating one of the resonators. Besides, the proposed structure can be easily reconfigured
for other frequency regimes to provide new chiral MTMs or can be adopted for different application areas from defence
systems to stealth technology which will be examined in our future studies.
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1. Introduction

Metamaterials (MTMs) have attracted a great interest by the
electromagnetic (EM) science and community due to unnatu-
ral EM features like negative refraction [1]. These man-made
materials can be designed for any desired frequency range
from the radio to near optical spectrum [2–8]. They also
have many application areas such as cloaking, super lens,
absorber and so on [9–11]. Nowadays, the concept of chi-
ral MTMs has rapidly repealed considerable attention of
researchers due to their unnatural EM features, such as circu-
lar dichroism [2], optical activity [1] and negative refraction
[3] which are not seen in conventional materials. They are
artificial and hand-made structures. Therefore, they can be
designed for any desired frequency regimes and have poten-
tial applications depending on manufacturing capability. They
are represented with the chirality parameter κ , which can be
found as κ = (nR − nL)/2, where nR and nL are the refrac-
tive index of the right and left circularly polarized (RCP and
LCP) waves, respectively [4–13]. There are many chiral MTM
studies in the literature, but unlike the others, in this study,
we present simple design (π -shaped), easy fabrication, large
optical activity, circular dichroism, chiral nihility and con-
stant value of chirality in a wide band by using two π -shaped
periodic structures. There is no other study which realizes all
of these properties with a couple of asymmetric inclusions,

especially, constant chirality in a wide band frequency range
and chiral nihility MTMs.

The importance of the small chirality is its negligible effect
on the effective refractive index. Especially, in some par-
ticular multilayer bulk chiral applications, such as filtering
and polarization rotation, small chirality values with respect
to the upper limits are required. The MTMs with constant
small chirality gives opportunity to design microwave filters
and polarizers within a wide frequency range. In the case of
using double-negative MTMs or single-negative MTMs, it is
not possible to provide this effect [14]. In contrast to chiral
MTMs, DNG-MTM-based multilayer structures lose polar-
ization rotation properties and behave as a narrow band filter.
Another application of asymmetric transmission is diffraction
on photonic crystals with wideband and switchable trans-
mission properties [15,16]. There are many natural chiral
materials, such as sugar, liquid crystals, etc. in the environ-
ment. Chirality admittances of the natural chiral materials
are very small with respect to the artificially designed-chiral
materials investigated by researchers. However, up to now,
chirality properties of these materials have not been investi-
gated by researchers. Handedness is necessarily intrinsic for
chiral materials. In contrast to these natural chiral materials,
conventional chiral MTMs are artificial structures. The advan-
tage of the artificial chiral medium is to provide a determinable
frequency and range for different application areas.
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In this study, asymmetric transmission features of chiral
MTMs composed of simple (π -shaped) design are proposed,
retrieved and studied. These materials are made up of unit
cells without mirror symmetry and can be used to manipu-
late the polarization states of EM waves in any desired case,
either vertical or horizontal polarization states. In this regard,
we theoretically and numerically investigated the asymmetric
transmission phenomenon for linearly polarized EM waves
by using a new design of chiral MTMs. The proposed models
have many advantages, such as very simple geometry, large
asymmetric transmission, polarization rotation, small chiral-
ity like natural material (also huge chirality as desired with
the feature of mechanical tunability) and so on.

2. Asymmetric transmission phenomenon for linearly
polarized EM waves

2.1 Theoretical analysis

Asymmetric transmission with chiral MTMs is provided by
exhibition of the polarization conversion effect. This phe-
nomenon is realized with an EM wave–matter interaction and
the existence of a static magnetization of any medium com-
posed of chiral MTMs. Firstly, theoretical calculations for
asymmetric transmission are described by the electric field
and transmission coefficients (illustrated in equations (1 and
2), respectively) in terms of the incident and transmitted elec-
tric field radiations. Secondly, we assumed an incoming plane
wave that propagates in +z direction with a time dependence
of e−iwt for the incident and transmitted electric field radia-
tions [17–20].

Ei (r, t) =
(
Ex

Ey

)
eikz, (1)

Et (r, t) =
(
Tx
Ty

)
eikz, (2)

where Ex , Ey and Tx , Ty represent complex amplitudes of
EM waves and ω and k correspond to the angular frequency
and wave vector, respectively. In addition, the transmission
matrix given in equation (3) defines the complex amplitudes
of the transmitted field in terms of the incident electric field.

(
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)
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)
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lin

(
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)
, (3)

where f and lin represent propagation in the forward direction
and a special linear base with base vectors parallel to the coor-
dinate axes (i.e., decomposed parts of the incident wave into x-
and y-polarized components). The transmitted co-polar EM
waves in the x and y directions are Txx and Tyy , respectively.
Circularly polarized-transmitted waves can be retrieved from

the linear cross-polar transmission coefficients of Txy and Tyx ,
respectively. Besides, they can be defined as T± = Txx ±iTyx .
Circular transmission coefficients (T++, T−+, T+− and T−−)
can be calculated from the transmission coefficients of lin-
early polarized waves by using equations (4 and 5) in the ± z
direction [13,17–21]:

T f
circ =

(
T++ T+−
T−+ T−−

)
, T b

circ =
(
T++ T−+
T+− T−

)
. (4)

If the propagation of the EM wave is along the –z direction,
the circularly transmitted wave components can be evaluated
by using the equation below:

(
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T∓ T−

)
= 1/2

(
Txx + Tyy + i

(
Txy − Tyx

)
Txx − Tyy + i

(
Txy + Tyx

)
Txx − Tyy − i

(
Txy + Tyx

)
Txx + Tyy − i

(
Txy − Tyx

)
)

. (5)

A parameter of � is often used to quantitate the effect
of asymmetric transmission of the linearly and circularly
polarized-EM waves. This is defined as �

(x)
lin = ∣∣Tyx

∣∣2 −∣∣Txy∣∣2 = −�
(y)
lin , �

(x)
circ = |T−+|2 − |T+−|2 = −�

(y)
circ for lin-

early and circularly polarized waves, respectively. The indices
of circ and lin indicate propagation in circularly polarized
waves and a special linear base with base vectors parallel to
the coordinate axes (i.e., decomposing the incident wave into
x and y polarized components).

2.2 Proposed design and numerical setup

The suggested chiral MTM design consists of π -shaped res-
onators on one side and rotated (180◦) version of the same
shape on the back-side as shown in figure 1a. In addition,
numerical calculations are analysed with a commercial sim-
ulation software (CST Microwave Studio) based on the finite
integration technique to determine the reflection and trans-
mission properties of the proposed chiral MTM design. Unit
cell (x−y) and open add space (z) boundary conditions are
assigned in the simulation to provide periodicity as shown in
figure 1b. Metallic resonators are modelled as a copper sheet
with an electrical conductivity of 5.8001 × 107 S m−1 and a
thickness of 0.035 mm. FR4 is chosen as the dielectric sub-
strate, a high frequency laminate with a thickness of 1.6 mm,
relative permittivity of 4.2, permeability of 1 and loss tangent
of 0.02. FR4 has been chosen due to its low cost and easy
fabrication process. Besides, figure 1c shows the dimensions
of the unit cell for the proposed structure.

2.3 Numerical study for natural chirality with large
asymmetric transmission phenomena (8–24GHz regime)

The obtained results are presented to demonstrate the per-
formance and frequency response of the proposed structure
with large asymmetric transmission. The proposed chiral



Bull. Mater. Sci. (2019) 42:191 Page 3 of 9 191

Figure 1. The suggested chiral MTM: (a) schematic view of the
unit cell, (b) boundary conditions, (c) resonator dimensions and
(d) fabricated chiral MTM for natural chirality and (e) an image
of the measurement setup.

MTM geometry is designed and simulated with respect to the
plane EM waves propagating along (+z) and (−z) directions.
Then, linear transmission matrix coefficients of the slab are
obtained for the x-polarized-incident EM wave. In addition,
y-polarized Txy and Tyy linear transmission matrix coeffi-
cients of the slab are found to obtain asymmetric transmission
calculations. The asymmetric transmission parameter, �, is
calculated by using a theoretical approach and normalized for
both linear and circular polarization cases as shown in figure 2.
It can be understood that the suggested structure shows multi-
band asymmetric transmission at resonance frequencies of
10.85, 14.49 and 14.88 GHz for linear polarization. The
parameter � reaches its maximum value at the resonance fre-
quency of 14.49 GHz. The asymmetry can also be exhibited
from the simulated chirality admittance (figure 2).

The eigenstates and optical and EM properties of the bi-
isotropic structures [22] (right circular polarized (RCP) and
left circular polarized (LCP)) can be evaluated by using
retrieval formulae based on S parameters. They can also be
retrieved by using the standard equations for the anisotropic
and bi-anisotropic media [23–27]. Although the proposed π -
shapes are not isotropic, the retrieval procedure for chiral
MTMs can be used due to the asymmetric geometry of the
π -shaped pairs placed top and bottom surfaces of FR4 simi-
lar to the asymmetric chiral cross-wire stripes [24]. Also, we
retrieved the proposed model to show natural chirality fea-
ture which is realized for the polarization rotator, EM filter
and coating applications. Chirality can be retrieved directly
from the transmission coefficients as [18–20,23,24]:

Re (κ) =
[
arg (T+) − arg (T−) + 2mπ

]
2k0d

, (6a)

Im (κ) = ln |TL| − ln |TR|
2k0d

, (6b)

where k0 is the wave vector in the vacuum, d is the thickness
of the structure andm can be any integer to provide physically

Figure 2. Simulated asymmetric transmission parameter for linear
and circular polarizations, chirality parameter, FOM value and LF
of the suggested structure, respectively.

meaningful results [25,28,29]. The retrieved chirality param-
eter is shown in figure 2 to show natural chirality phenomena.
It can be seen that the proposed structure has a small-natural
chirality value and it reaches the maximum value at the
frequency of 16 GHz. In fact, chiral MTM studies gener-
ally focus on large chirality values for huge optical activity.
However, chiral MTMs which have small chirality have not
queried in the literature up to now and it is mostly ignored
by researchers. Small chirality provides manipulation of the
transmitted EM wave throughout rotation of polarization. The
value of the chirality is directly related to the angle of the π -
shape on the backside. π -shaped inclusions result in natural
chirality for 0 and 180◦, strong chirality can be achieved by
increasing asymmetry between π -shaped resonators placed
at front- and back-sides. This is proved in the retrieval study
part. The reason is that the optimum chirality value provides
perfect symmetry in the reflection and transmission of an EM
wave in the operation frequency range. However, the symme-
try can be lost for different chirality values. Besides, chirality
values at the resonance frequencies also confirm the asym-
metric behaviour of the structure. In addition, figure of merit
(FOM) = Re(κ)/Im (κ) is also calculated and presented for
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chirality to show that the proposed chiral MTM shows very
low loss according to the many presented chiral MTMs as
shown in figure 2 [25,28,29]. The high values of the FOM
around peak values of chirality exhibit the acceptability of
the performance of the structure. Losses in any dielectric and
magnetic mediums can be obtained by a ratio of an imaginary
part and a real part of permittivity and permeability. There-
fore, if any medium is considered, both material parameters
should be taken into consideration [30]. It is well known fact
that the ratios of imaginary and real parts of both permittivity
and permeability in dielectric and magnetic media represent
losses of the structure [31]. Hence, if the medium properties
are not exactly known, i.e., dielectric and/or magnetic ones,
the loss of the medium can only be determined by using both
the parameters. The easiest way is to evaluate the ratio of
the imaginary and real parts of the refractive index which
includes both permittivity and permeability [32]. Whereas,
the real part of the refractive index denotes an ordinary value
and the imaginary part defines the absorption and attenuation
properties of the related medium. Hence, the loss of the chi-
ral medium is represented by the equation of the loss factor
(LF) = ∣∣n′′/n′∣∣, where n′′ is the ratio of its imaginary part and
n′ is the real part of a refractive index. The obtained LFs are
acceptable for the peak chirality values (figure 2). The LFs
at the peak points of chirality are < 1 and both FOM and LF
results prove that the proposed structure can be preferred to
the design asymmetric transmitter and polarization converter
with low loss at the resonance frequencies.

2.4 Numerical and experimental study for natural chirality
with large asymmetric transmission phenomena (4–6 GHz
regime)

The same procedures have been applied for higher dimensions
of the π -shaped structure to exhibit both the agreement of the
measurement-simulation results and applicability between
4–6 GHz regimes. The proposed structure has been manu-
factured by using the LPKF prototyping machine. A double
copper-sided FR4 type dielectric substrate with a dielectric
layer thickness of 1.6 mm and a copper thickness of 0.035
mm has used to fabricate the proposed sample. The copper-
covered dielectric layer has been processed and discriminated
from undesired metallic parts for both sides. Hence, the res-
onator part of the structure is obtained. The fabricated sample
and measurement setup for the mentioned frequency range
are shown in figure 1e. The simulations are realized by CST
Microwave Studio under the same boundary conditions. The
measurements are realized by measuring all the co-polar and
cross-polar transmission and reflection values for the case
of x- and y-polarized-incident waves by using a vector net-
work analyser and two horn antennas (figure 1d). All the
measurement results are calibrated for the free space con-
ditions. The measurement and simulation results of linearly
and circularly normalized-asymmetric transmission values
are in good agreement as shown in figure 3. The exact lin-
ear asymmetry is observed at the frequency of 5.2 GHz. This

Figure 3. Asymmetric transmission and natural chirality param-
eters for linear and circular polarizations for the simulation and
measurement results, respectively.

linear asymmetry results in a peak value of chirality (0.01)
at the same frequency point. The correspondence of linear
asymmetry and chirality confirm each other. Besides, the
observed chirality values of the proposed π -shaped struc-
ture are in the range of chirality of natural chiral materials
(figure 3). The most remarkable observation is the stability of
the chirality between the ranges of 4.2–4.8 and 5.4–5.7 GHz.
This property of the π -shaped structure offers researchers new
opportunities such as equal amounts of polarization conver-
sion and sensing applications within a wide frequency band.

It is well known that the asymmetric geometry of the struc-
tures placed on each side of a dielectric layer is the most
common example of chiral MTMs. Due to the asymmetry of
the π -shaped inclusions, the proposed structure demonstrates
chirality [23–27]. Besides, the real part of the chirality (as
shown in equation (6)) is directly related to the phase differ-
ence between the transmission coefficients of RCP (arg (T+))

and LCP (arg (T−)) waves. In the case of small chirality, low
values of this difference in a wide range give rise to constant
chirality in the same frequency spectrum.

3. Evaluation study with chiral MTM

3.1 Proposed design and numerical setup (8–24 GHz
regime)

The proposed chiral MTM design consists of a π -shaped res-
onator on the front side and a rotated (30◦) π -shaped resonator
on the back-side as shown in figure 4. In addition, numerical
calculations are analysed with CST Microwave Studio. Unit
cell (x−y) and open add space (z) boundary conditions are
assigned in the simulation as mentioned before (figure 4a).
Metallic resonators are modelled as the copper sheet with an
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Figure 4. The suggested chiral MTM: (a) schematic view of the
unit cell, (b) boundary conditions and (c) resonator.

Figure 5. Transmission and reflection values, ellipticity and θ(◦)
of the proposed structure, respectively.

electrical conductivity of 5.8001 × 107 S m−1 and a thick-
ness of 0.035 mm. Also, figure 4b and c shows side views and
dimensions of the unit cell for the proposed structure.

The circular polarization components of transmission
T+/T− and reflection coefficients are extracted from the
retrieval equations as a function of co-polar and cross-polar
transmission values (equations (7) and (8)). It seems that
8–24 GHz ranges are observed between T+ and T− values
(figure 5). The variation of the transmitted wave polariza-
tion in the case of linearly polarized wave depending on
the proposed asymmetric π -shaped model is evaluated with
polarization azimuth rotation and ellipticity.

η = 1

2
tan−1

( |T+|2 − |T−|2
|T+|2 + |T−|2

)
, (7)

θ = 1

2
δ = 1

2
arcsin

[
arg (T+) − arg (T−)

]
. (8)

At the resonance frequencies of 11.8, 15 and 16 GHz, both
the azimuth rotation angle and ellipticity are at the peak
points (η = 22◦, θ = −180◦), (η = −21◦, θ = 80◦) and
(η = 20◦, θ = 60◦), respectively. It means that the linearly
polarized incident wave is converted to the elliptical wave with
a strong distortion. At the frequency of 13.8 GHz, while ellip-
ticity is around 0◦, very good polarization rotation is observed
(θ = 30◦) with nearly zero dichroism. The sign change of the
ellipticity in many frequency points provides a change in the
polarization of the incident linear wave to RCP/LCP waves
in a large frequency region (figure 5).

For waves propagating in the forward or backward direc-
tion, a slab of reciprocal chiral material appears completely
identical. One supposes the schema of a circularly polar-
ized plane wave normally incidents on the chiral MTM slab
which has the thickness d, refractive index n∓ and impedance
Z = √

μ/ε. In this instance, T∓ and R∓ are the amplitudes of
the transmitted and reflected waves, respectively. T ′∓ and R′∓
are the forward and backward propagating waves inside the
slab. Now, when one implements the condition of continuity
of tangential electric and magnetic fields (z = 0 and z = d),
the following equation is obtained:

1 + R∓ = T ′
∓ + R′

∓, (9a)

1 − R∓ = T ′∓ − R′∓
Z

, (9b)

T ′
∓e

ik∓d + R′
∓e

−ik∓d = T∓, (9c)

T ′∓eik∓d + R′∓, e−ik∓d

Z
= T∓ (9d)

where k∓ = k0 (n ∓ κ) is the wave vector. Then, eliminating
T ′∓ and R′∓ in equation (9), the transmission and reflection
coefficients are obtained in following equations:

T∓ = 4Zeink0de∓iκk0d

(1 + Z)2 − (1 − Z)2 e2ink0d
, (10a)

R∓ =
(
1 + Z2

) (
e2ink0d − 1

)
(1 + Z)2 − (1 − Z)2 e2ink0d

, (10b)

where both the reflections of the single slab should be the
same. Inverting the above equation (10), the impedance Z
and refractive index n∓ are given in equation (11) as shown
below:

− Z = ∓
√

(1 + R)2 − T+T−
(1 − R)2 − T+T−

, (11a)

n∓ = i

k0d

{
ln

[
1

T∓

(
1 − Z − 1

Z − 1
R

)]
∓ 2mπ

}
, (11b)

where m is an integer determined by the branches, n± =
n ± κ , ε = n/z and μ = nz. Here, the effective medium
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parameters can be evaluated by using retrieval equations [23–
25,28,29]. Besides, the choice of m is realized to obtain
physically meaningful results of the refractive index by using
Kramers–Kronig relations. The effective medium parame-
ters of the chiral MTM composed of π -shaped structures are
shown in figure 6. Whereas the effective refractive index of the
RCP wave (n+) have a strong response at the first resonance
frequency (11.8 GHz) and goes negative, that of the LCP wave
(n−) does not change abruptly and it is positive up to 14.5
GHz. The effective refractive index of the RCP wave (n+) has
another peak at around the second resonance frequency and
that of the LCP wave (n−) is zero. In contrast to the first and
second resonance frequencies, the effective refractive index
of the LCP wave (n−) shows a peak and that of the RCP wave
(n+) goes to zero at around the third resonance frequency. It
can be easily concluded that whereas the first negative value
of the refractive index is caused by the signature of the con-
ventional negative index MTM and the second negative value
of the refractive index is resulted from the strong chirality
of the π -shaped structure. Another important phenomenon
about chiral MTMs, which is not emphasized before, is chiral
nihility. This point is another important feature of the pro-
posed π -shaped model. Whereas both effective permittivity
and permeability are simultaneously zero, chirality is around 3
at the frequency of 15 GHz. Hence, the structure does not only
propose strong chirality, polarization conversion and physical
mechanism same as other conventional chiral MTMs, it also
proposes chiral nihility within the same frequency band. It can
be said that the proposed structure is a multifunctional one.

As the last step, the FOM and the effect of the backward
resonator angle are also investigated [25,28,29]. It can be con-
cluded that at the frequencies of the peak values of chirality,
the performance of the structure is sufficient. Hence, the struc-
ture can be used as a polarizer especially at around 11.8 and
15 GHz (figure 6). The effect of the backward resonator angle
on chirality is also investigated as shown in figure 7. Chirality
is around zero for 0 and 180◦ due to the lack of asymmetry.
Besides, strong optical activity is observed for intermediate
values. Each structure with different backward angles has two
strong chirality regions. The first one has negative chirality
values. It has been narrowing up to 90◦ and positive for upper
backward resonator angles.

3.2 Numerical and experimental study for differences
between chiral inclusions (4–6 GHz regime)

The realization of the proposed asymmetric π -shaped chiral
MTMs is investigated both numerically and experimentally
in the range of our capability between the frequency bands
of 4–6 GHz. All the material properties of dielectric, metal
and backward-side resonator angles are the same with the
structure studied between the frequency ranging from 8–
24 GHz. The experimental studies have been achieved by
using a vector network analyser. The proposed structure has
placed between the two horn antennas and the transmission
coefficients have been obtained. Firstly, the horn antennas

Figure 6. Retrieval results of the proposed structure.

have been arranged in the same polarization angle to mon-
itor the co-polar transmission coefficient. Then, one of the
antennas has been rotated by 90◦ to observe the cross-
polarization transmission coefficient. Finally, the measured
co-polar and cross-polar transmission coefficients have been
evaluated by using equations from (4) to (11).

The simulation and measurement results of reflection and
RCP/LCP transmission components from the suggested π -
structure are in a good agreement as shown in figure 7. The
ellipticity is around 0 in the frequency range from 4.5 to 5.5
GHz, due to the equal values of abs(T+) and abs(T−). There
is only one resonance corresponding to a peak at around
4.3 GHz in the transmission spectrum which results from
the differences between RCP and LCP transmission compo-
nents. At the resonance, the transmission of the RCP is larger
than that of the LCP. The observed peak is caused by the
decrease in impedance mismatch induced by the strong elec-
tric/magnetic response for either RCP or LCP transmission.
As mentioned before, the difference between the RCP and
LCP transmission coefficients is denoted by ellipticity. In par-
ticular, the reason is that the RCP transmission is around 0.6
and the LCP transmission is very low, and the high difference
value between them results in an ellipticity peak. The higher
transmission is directly related to impedance match of free
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Figure 7. Chirality for different backward resonator angles, the
transmission and reflection values, ellipticity and θ (◦) of the pro-
posed structure, respectively.

space and π -shaped-chiral MTMs. It can be concluded that a
good ellipticity needs difference between circularly polarized
components of a transmitted wave. It can be provided by
a good or worse impedance match between free space and
chiral medium for RCP and LCP transmissions. The mis-
match is due to the strong electric or magnetic response of the
inclusions. At the resonance frequency, the linearly polarized-
incident wave is modified to a strong distortional elliptical
wave with an angle of 22◦ (figure 7). The rotator power (θ )
denotes differences in the phases of RCP and LCP compo-
nents of transmission. Far from the resonance frequency, the
phases of circularly polarized-components have to be simi-
lar. Besides, near resonance frequencies, phases of RCP and
LCP differ certainly and the linearly polarized-incident wave
propagating towards chiral MTMs is rotated by an angle of
−100◦ (figure 8).

Effective medium parameters of the π -shaped structures
between frequencies of 4–6 GHz are obtained both numeri-
cally and experimentally as shown in figure 8. While, a strong

Figure 8. Retrieval results of the proposed structure.

response has been observed at around the resonance frequency
of 4.3 GHz and goes positive for the effective refractive index
of the RCP wave (n+), that of the of the LCP wave (n−) is
closely constant and positive for all frequency ranges. Since,
the effective permittivity and permeability are not simulta-
neously negative. The negative effective refractive index is
due to the strong optical activity between 4.3 and 4.6 GHz.
A nearly constant value of strong chirality between 4.7 and
5.5 GHz is a fascinating and first debuting phenomenon in the
literature. Hence, the study not only proposes constant nat-
ural chirality, but also suggests constant strong chirality. In
addition, the LF of the proposed structure is in an acceptable
range as shown in figure 8.

4. Conclusion

In conclusion, firstly, a new multi-functional chiral MTM is
numerically designed and the optimum structure is found by
genetic algorithm methods by using the commercial soft-
ware, CST Microwave Studio. We tuned and optimized
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dimensions of the resonator to obtain multi-band asymmetric
transmission. The suggested optimized structure is investi-
gated in detail. The proposed model consists of π -shaped
resonators. It has a very simple configuration and fabrica-
tion techniques. Secondly, the suggested model is theoreti-
cally and numerically analysed, retrieved and evaluated. The
obtained results show that the proposed model presents multi-
band asymmetric transmission and small chirality. Usually,
chiral MTM studies in the literature focus on large chirality.
However, this study introduces a new type of chiral MTM
which has small chirality like a natural chiral medium and
chiral nihility MTM. Furthermore, it guides to design new
polarization rotator devices to be used in myriad potential
applications. Although the concept seems similar to the stud-
ies in the literature, it is the first study on chiral MTMs to
realize the nihility. Also, there are limited numbers of studies
investigating natural chirality with the MTM concept.

As mentioned in the study, the structures are both asymmet-
ric and have high chirality. Besides, the structure also exhibits
natural chirality depending on the angle between front- and
back-side inclusions. Hence, the mentioned structure can be
used to realize both high and very small natural chirality val-
ues depending on the angular dependencies of the inclusions
placed on front- and back-sides. The higher chirality value is
due to the asymmetry between co-polar and cross-polar trans-
mitted values of the electric field. Since, it can be concluded
that the increment of the difference between T+ and T−
values, results in higher chirality. Besides, unexpected values
of chirality are due to the lack of asymmetry.

The study includes both numerical analysis and experi-
mental validations. The numerically investigated structure is
fabricated as can be seen in figure 1. Numerically extracted
asymmetric transmission and chirality values are supported
by experimental analysis as can be seen in figure 3. These
values are critical for the study. In addition, the transmission
and reflection values and ellipticity and θ(◦) of the proposed
structure are also both numerically and experimentally inves-
tigated as can be seen in figure 7. Besides this, retrieval
values of the structure are also compared with measured ones
(figure 8). It is demonstrated that the proposed structure has
a multi-band asymmetric transmission characteristic at the
resonance frequencies of 10.85, 14.49 and 14.88 GHz, for
linear polarization of the incident wave. In addition, a small
natural chirality value can be obtained at the frequency of
16 GHz. The novelty of the study is the low values of chi-
rality. Besides this, an exact linear asymmetry is observed
at the frequency of 5.2 GHz with a small chirality value of
0.01. A frequency independent chirality is realized in the fre-
quency ranges of 4.2–4.8 and 5.4–5.7 GHz. This property
of the π -shaped structure offers researchers new opportu-
nities such as an equal amount of polarization conversion
and sensing applications within a wide frequency band. It
is demonstrated that the π -shaped resonator can convert the
linearly polarized-incident wave into the elliptical wave at the
resonance frequencies of 11.8, 15 and 16 GHz with the
azimuth rotation angle and ellipticity of (η = 22◦,

θ = −180◦), (η = −21◦, θ = 80◦) and (η = 20◦, θ = 60◦),
respectively. The proposed simple sample not only provides
constant small chirality, but also as constant strong chirality
between 4.7 and 5.5 GHz which is a first debuting phe-
nomenon in the literature. Hence, this study provides novelty
for microwave power and energy since, radar applications
include microwave power and polarization conversion of
microwave provides the direction of microwave energy to the
desired direction.
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