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Asymmetric electromagnetic wave transmission of linear polarization via polarization conversion
through chiral metamaterial structures
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In this paper a kind of chiral metamaterial structure is proposed that can achieve asymmetric transmission
for forward and backward propagations of linearly polarized electromagnetic (EM) waves. We first give a
theoretical analysis on a kind of bilayered metamaterial structure with specific structure asymmetry that enables
the asymmetric EM wave transmission only for linear polarization. Then by constructing a proof-of-concept
metamaterial sample with twisted split ring resonator patterns on both sides of a dielectric slab, we demonstrate
substantial asymmetric transmission for linear polarizations, but none for circular polarizations through full-wave
simulation and measurement at microwave frequency. Strong optical activity is found in the chiral metamaterial
indicating that the intriguing asymmetric transmission is caused by the directional difference in cross polarization
conversion. By scaling down the structure, the proposed concept could be utilized in other frequency bands, such
as terahertz and optical range.
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I. INTRODUCTION

Asymmetric transmission of electromagnetic (EM) waves
is normally associated with the presence of a static magne-
tization of the medium which breaks the reciprocity of the
EM wave-matter interaction. This phenomenon is quite useful
in realizing nonreciprocal EM devices such as isolators and
circulators, especially in the microwave range.1 However,
these devices are usually heavy and involve magnetic bulk
materials, not suitable for microwave circuit miniaturization.

During the past several years, metamaterial as a kind
of artificial material has attracted an enormous amount of
interest due to its intriguing EM responses that cannot
be obtained with existing natural materials. Initial studies
on metamaterials were limited to rather simple unit-cell
structures with high symmetry.2,3 Recently, more sophis-
ticated metamaterials with inclusions of symmetry-broken
chiral structures have been proposed that could be used to
achieve many customized functionalities, such as the negative
refraction.4–6 Since the mirror symmetry of the unit-cell
structures is broken either in the propagation direction or in
the perpendicular plane, these chiral metamaterials could be
utilized to manipulate the polarization states of EM waves and
have shown novel features, such as giant optical activity,7–9

polarization transformation,10–12 and circular or elliptical
dichroism.13,14 Moreover, asymmetric EM wave transmission
of circular polarizations has been reported in planar chiral
metamaterials, where the partial conversion of the incident EM
wave into one of the opposite handedness is asymmetric for
the opposite directions of propagation.14–17 This asymmetric
transmission phenomenon is irrelevant to the nonreciprocity of
the Faraday effect in magneto-optical media,18 but originates
from the interaction of EM radiation with the structural
two-dimensional (2D) chirality in the metamaterials. However,
the asymmetric transmission is absent for linear polarization
in these planar structures. By introducing symmetry broken
along the propagation direction in the metamaterial structure,
asymmetric transmission of linear polarization can be obtained
and experimentally demonstrated in the optical regime.19,20

In this paper, we report the demonstration of asymmetric
transmission for linearly polarized EM waves only. Such phe-
nomenon is more interesting in the application for designing
microwave devices. We first present theoretical study on how
to construct specific chiral metamaterial to achieve asymmetric
transmission of linear polarizations. Then based on the design
rule, we propose a chiral structure composed of 90◦ twisted
split ring resonators (SRRs) on both sides of a dielectric slab
which verifies the only asymmetric transmission of linear
polarizations. We will present the design, simulation, and
the measurement of the chiral metamaterial structure, which
show asymmetric EM wave transmission of a certain linearly
polarized EM wave in the microwave band.

II. THEORETICAL ANALYSIS

Let us first consider the theoretical analysis of the EM
wave propagation through a certain slab of uniform chiral
medium. Asymmetric transmission of EM waves in the chiral
metamaterial is usually caused by the partial polarization
conversion of the incident EM radiation into one of the
opposite polarization, which is asymmetric for the opposite
directions of propagation.15 We consider an incoming plane
wave propagating along the positive z direction, with electric
field as

Ein (r, t) =
(

Ix

Iy

)
ei(kz−ωt), (1)

where ω, k, Ix , and Iy represent the frequency, wave vector,
and complex amplitudes, respectively. The transmitted electric
field through the slab can be then described as

Etr (r, t) =
(

Tx

Ty

)
ei(kz−ωt). (2)

To understand better the cross-polarization conversion
based on the chirality of the metamaterial structure, we
invoke the transmission matrix expression for the EM fields
Etr

i = tij Ein
j , which relates the incident and the transmitted

195131-11098-0121/2012/85(19)/195131(5) ©2012 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.85.195131


HUANG, FENG, ZHAO, WANG, AND JIANG PHYSICAL REVIEW B 85, 195131 (2012)

electric fields in terms of linearly polarized components. The
subscripts i and j correspond to the polarization states of the
transmitted and the incident waves, which could be either x or
y linear polarization. The matrix, which is usually called the
Jones matrix T, is then described as(

Tx

Ty

)
=

(
txx txy

tyx tyy

)(
Ix

Iy

)
= Tf

lin

(
Ix

Iy

)
. (3)

The superscript f and subscript lin indicate the forward
propagation (along + z direction) and a special linear base,
respectively. If the medium does not contain magneto-optical
material, the reciprocity theorem can be applied and the
transmission matrix Tb for propagation in the backward
direction ( − z direction) can be derived as19

Tb
lin =

(
txx −tyx

−txy tyy

)
. (4)

When the propagation direction is reversed, the off-diagonal
elements txy and tyx not only interchange their values, but also
get an additional 180◦ phase shift. For a circular polarization
basis, the T matrix that connecting the incident and the
transmitted circularly polarized components can be described
by changing the base vectors from linear to circular states,
resulting in

Tf
circ =

(
t++ t+−
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)

where indices + and − denote the right and the left
circular polarizations propagating along the + z direction,
respectively.

The asymmetric transmission of either the linearly or the
circularly polarized waves is usually characterized by the �

parameter, which is defined as the difference between the
transmittances in the two opposite propagation directions ( + z

and − z).19 The asymmetric transmission parameter � for the
linear (indicated with subscript lin and superscript x or y) or
the circular polarizations (indicated with subscript circ and
superscript + or − ) is then defined as

�
(x)
lin = |tyx |2 − |txy |2 = −�

(y)
lin , (6)

or

�(+)
circ = |t−+|2 − |t+−|2 = −�(−)

circ, (7)

respectively.
If we require the asymmetric transmission for linear

polarization only, from Eqs. (5)–(7) the transmission matrix
elements should satisfy the following condition:

|txy | �= |tyx |, (8a)

txx = tyy . (8b)

It has been pointed out that for a planar anisotropic chiral
metamaterial, the mirror image of the unit cell coincides with
that seen from the back side, therefore txy = tyx , which ensures
no asymmetric transmission of linear polarizations.19 So, to

FIG. 1. (Color online) Schematics of the unit cell for the proposed
chiral metamaterial.

obtain asymmetric transmission for linear polarization only,
symmetry broken along the propagation direction is required,
and specific structure asymmetry should be applied on the three
dimensional (3D) unit cell to ensure the satisfactory solution
of Eq. (8b).

Let us consider a specific kind of 3D chiral metamaterial
structure with the unit cell schematically illustrated in Fig. 1.
The meta-atom consists of two metallic layers parallel to the
x-y plane sandwiching a dielectric layer. The metallic resonant
structure in each layer has the same arbitrary pattern, however,
the structure in the second layer has been rotated clockwise
about the z axis with θ = 90◦ and then flipped along the x

axis regarding that in the first layer. Then we establish a
new coordinate system (x ′, y ′, z′) by rotating the (x, y, z)
coordinate about the z axis with θ/2 = 45◦. It is obvious that
the resonant structures in the two layers are of 180◦ rotation
symmetry with respect to the y ′ axis. Due to this specific
symmetric arrangement of the meta-atom, the metamaterial
looks exactly the same as a y ′-polarized (or x ′-polarized)
wave propagating either forward (z direction) or backward
( − z direction) through the slab. Therefore, from Eqs. (3) and
(4), we have

tx ′y ′ = −ty ′x ′ . (9)

The transmission matrix in the (x ′, y ′, z′) coordinate can be
obtained through coordinate transformation from the T matrix
in the (x, y, z) coordinate, which can be expressed as

(
tx ′x ′ tx ′y ′

ty ′x ′ ty ′y ′

)
= C

(
txx txy

tyx tyy

)
C−1, (10)

where C is the Jacobi matrix for the coordinate rotation, and
can be determined by

C =
√

2

2

(
1 −1

1 1

)
. (11)

Substituting Eqs. (9) and (11) into (10), we finally get
txx = tyy , which means that the condition for only asymmetric
transmission of linear polarizations can be fulfilled by this
specific kind of metamaterial structure.
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FIG. 2. (Color online) (a) Schematic of the chiral metamaterial
unit cell. (b) Photograph of the fabricated sample slab, and (c) its
orientation with the incident wave.

III. DESIGN AND CHARACTERISTICS

Based on the design rule described in the above section,
we have constructed a proof-of-concept chiral metamaterial of
double metallic layered structure. We employ simple square
SRR as the resonant structure, which is often used in the chiral
metamaterial design.7–9, 21–23 The unit cell consists of two
metallic SRRs on both sides of a dielectric substrate twisted
90◦ to each other. Obviously, such structure accords with the
design rule that allows it to achieve asymmetric transmission
for linearly polarized EM waves only. In the design, the
dielectric substrate is chosen as FR4 with a permittivity of
4.2, a loss tangent of 0.025, and a thickness of d = 2.5 mm,
while the metallic layers on both sides are copper sheet with
a thickness of 17 μm. Figure 2(a) shows the schematic
diagram of the metamaterial unit cell with a dimension of
12 × 12 mm2, while the whole slab sample is composed of
24 × 24 unit cells. The SRR patterns on both metallic layers
are illustrated, which have an outer side length of b = 8 mm, a
metallic wire width of w = 2 mm, and a gap of c = 2 mm. The
twisted SRRs form a chiral structure and have strong strength
to converse polarization of EM wave due to the electric and
magnetic coupling between them. Figures 2(b) and 2(c) show
the photograph of the fabricated sample and its orientation
with the incident wave, respectively.

The proposed metamaterial slab has been first analyzed
through full-wave EM simulations with a finite-difference
time-domain (FDTD) based commercial tool. After the pa-
rameter optimization through the simulations, a sample slab
(with outer dimension of 30 × 30 cm2) is then fabricated by
printed circuit board technique and characterized through free
space EM transmission measurement in a microwave anechoic
chamber. Two linearly polarized horn antennas with Teflon
lenses are used to feed and receive microwave signal at X band
and a vector network analyzer (Agilent N5244A) is employed
to measure the transmission coefficient. By changing the
orientation of the two horn antennas, all four components of
the EM wave transmission (the complex Jones matrix) for
different polarizations have been measured.

FIG. 3. (Color online) Measured (a), (b) and calculated (c), (d)
transmission spectra of the four matrix components for backward (a),
(c) and forward (b), (d) propagations.

Figure 3 shows the simulated and measured results of the
four transmission matrix elements of the slab for propaga-
tion in forward ( + z) and backward ( − z) directions. The
measurements and the simulations agree with each other well
across the whole frequency range. As the frequency increases,
the cross-polarization transmission tyx experiences a resonant
peak and reaches a maximum of around 0.8 at the frequency
of 10.24 GHz, while the co-polarization transmission txx

reduces to a minimum of about 0.1 at the frequency of
10.75 GHz, and txy is around a small value of 0.02 [Fig. 3(a)].
The remarkable difference between the two cross-polarization
transmission components originates from the polarization
conversion of the chiral structure. When the x-polarized
(y-polarized) wave normally incidents into the structure along
the − z direction ( + z direction), the wave is well coupled to
the structure through the gap in SRR and converted mostly to y

polarization (x polarization) due to the cross coupling between
two metallic layers when passing through the slab, while
along the opposite direction, the x-polarized (y-polarized)
wave can hardly be coupled to the structure, resulting in a
weak transmission. According to Eq. (6), this leads to strong
asymmetric transmission for linear polarization. In addition,
Fig. 3 shows that when the propagation direction is reversed,
the cross-polarization components txy and tyx interchange with
each other. As predicted in previous theoretical analysis, txx

is exactly equal to tyy , which could ensure zero asymmetric
transmission of circular polarization waves for this particular
chiral structure. The asymmetric transmission parameter �

was calculated through Eqs. (6) and (7) for both linear
polarizations and circular polarizations, and is illustrated in
Fig. 4. When increasing the frequency, the value of parameter
� for linear polarizations experiences a rapid increase and
reaches the maximum of 0.64 at frequency of 10.24 GHz.
However, due to the specific asymmetry in the structure, there
is no asymmetric transmission for either the left (indicated by
superscript “ − ”) or the right circular (indicated by superscript
“ + ”) polarized waves as indicated in Fig. 4. This result
provides a direct experimental conformation for the theoretic
prediction in the previous section.
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FIG. 4. (Color online) Asymmetric transmission parameter � for
linear and circular polarization bases as determined by the measured
(a) and calculated (b) data.

Due to the large asymmetric transmission parameter for
the linear polarization in the proposed structure, the total
transmission for a certain linearly polarized wave is quite dif-
ferent along opposite directions. We measured both the
forward and backward total transmission (including both
the co-polarization and cross-polarization) for an x-polarized
wave and the result is shown in Fig. 5. The backward (along the
− z direction) transmission reaches to 70%, while the forward

FIG. 5. (Color online) Measured (solid lines) and calculated
(dashed lines) total transmission for an x-polarized incident wave
along the forward ( + z) and backward ( − z) directions through the
chiral metamaterial slab.

FIG. 6. (Color online) Polarization azimuth angle for an x-
polarized or a y-polarized wave incident along the backward ( − z)
direction.

transmission is less than 10% around the resonant frequency
(10.24 GHz).

The resonant coupling between the two SRRs also leads
to strong optical activity accompanied with the asymmetric
transmission in such chiral structure. Figure 6 shows the
polarization azimuth of the transmitted wave for an x-polarized
or a y-polarized incidence along the backward direction.
Strong optical activity is found with large polarization azimuth
for an x-polarized incidence, but much less value for a
y-polarized incidence. As the frequency increases, the major
polarization axis of the transmitted wave for an x-polarized
incidence rotates counterclockwise rapidly toward the y axis.
At around the frequency 9.78 GHz the polarization azimuth
becomes 90◦, and further reaches a maximum of 103◦ at
10.24 GHz. It indicated that the transmitted waves are mostly
y-polarized within the frequency band ranging from 9.78 to
10.85 GHz.

To look into the mechanism of the asymmetric transmission
that is associated with the chiral metamaterial, we have
analyzed the EM wave evolution when propagating through
the structure around the resonant frequency. Figure 7 illustrates
three snapshots of electric-field distribution for an x-polarized
wave passing through the slab backward or forward. These
snapshots correspond to the electrical-field distributions for the
wave in the incoming and outgoing regime, as well as inside
the structure. As predicted in the theoretical study in Ref. 24,
SRR structure exhibits interesting bi-anisotropic responses
to EM waves. When the x-polarized wave incidents along
the backward direction, the fundamental magnetic resonance
mode of the first SRR can be excited efficiently at the resonant
frequency with strong EM wave being coupled into the slab,
and then the near-field coupling between the first and the
second SRRs results in an obvious transmitted wave, but
the polarization has been rotated by 90◦ [as indicated in
Fig. 7(a)]. On the contrary, with an x-polarized wave incidence
along the forward direction, it first hits the second SRR and
its fundamental magnetic resonance cannot be well excited
due to its orientation. Therefore the EM wave coupled into
the slab is comparably weak, and results in a low level of
transmission without polarization rotation [Fig. 7(b)]. This
observation supports that the asymmetric transmission is
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FIG. 7. (Color online) Calculated electric-field distributions at
9.78 GHz for an x-polarized wave incident along the backward (a)
and forward (b) directions. Slices A, A′ and C, C′ are each 8 mm from
the front and back sample surfaces, respectively, while slices B and
B′ are in the middle of the dielectric layer. The electric-field intensity,
normalized to that of the incident wave, is illustrated by the color of
the arrows.

caused by the resonant polarization convention together with
the bi-anisotropic of SRRs with a difference in the coupling to
orthogonal polarizations.

IV. CONCLUSIONS

In conclusion, we present a theoretical analysis of a
kind of chiral metamaterial structure that could produce
asymmetric EM transmission for linear polarization only. To
verify the theoretical prediction, a proof-of-concept example
of a chiral metamaterial slab has been composed with dielectric
substrate sandwiched by two metallic layers with twisted
SRR structures. By optimal design of the metamaterial
structure through full-wave EM simulations, we fabricated and
tested the structure at the microwave band. The experimental
results have confirmed the strong asymmetric transmission of
linear polarization along opposite propagation directions and
demonstrated the optical activity associated with the chiral
metamaterial. We believe that the proposed chiral metamaterial
could find applications in designing compact and lightweight
directional EM devices such as isolators and circulators. The
strong optical activity in such structure could also be beneficial
in designing microwave wave plate or other polarization
control devices. By scaling down the proposed metamaterial
structure, the concept could also be utilized to function at other
frequency bands, such as millimeter wave, terahertz, or even
optical range.
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