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We design an anisotropic ultrathin metamaterial to allow perfect transmissions of electromagnetic (EM) waves
for two incident polarizations within a common frequency interval. The transparencies are governed by different
mechanisms, resulting in significant differences in transmission phase changes for two polarizations. The system
can thus manipulate EMwave polarizations efficiently in transmission geometry, including polarization conversion
and rotation. Microwave experiments performed on realistic samples are in excellent agreement with numerical
simulations. © 2011 Optical Society of America
OCIS codes: 160.3918, 240.6680, 160.1190.

It is highly desirable to efficiently control the polarization
of electromagnetic (EM) waves [1], due to many applica-
tion requests [2]. Conventionalmethods tomanipulate the
polarization of light (based on Faraday, Kerr, birefrin-
gence effects, etc.) typically require a system much
thicker than wavelength, which is inconvenient for low-
frequency applications [3]. Although an optical grating
can be very thin, it suffers the energy loss problem, since
the system is not perfectly transparent [1,3].
Metamaterials, artificial materials composed by reso-

nant microstructures to exhibit arbitrary values of
effective ε and μ [4–6], open a new way to manipulate
polarization. It was recently shown that a specifically de-
signed metamaterial reflector can efficiently manipulate
EM wave polarizations [7]. The device is much thinner
than wavelength and does not suffer the energy loss is-
sue, since it perfectly reflects EM waves [7]. However,
the reflection geometry makes it inconvenient for prac-
tical applications due to the interference between inci-
dent and reflected waves. Subsequently, several other
metamaterial systems were proposed to manipulate po-
larization in transmission geometry [8–12]. While these
proposals [8–12] can avoid the interference problem,
the devices are typically not perfectly transparent for
EM waves, so the energy loss issues remain unsolved.
Here we design an anisotropic metamaterial to manip-

ulate EM wave polarizations in transmission geometry.
The proposed device is much thinner than wavelength,
is perfectly transparent for EM waves at the working fre-
quency, and can manipulate the EM wave polarizations
efficiently. Microwave experiments are performed on
realistic samples to demonstrate the polarization manip-
ulation effects, with obtained results agreeing well with
numerical simulations.
Our system is a laterallyanisotropicABAstructure con-

sisting of three metamaterial layers, each two separated
by a distance d. As schematically shown in Fig. 1(a), layer
A is an electric metamaterial with periodically arranged
resonant microstructures, while layer B is a metallic
mesh. This design is motivated by a previous study in
which a series of perfect transmission peaks were found
in a laterally isotropic ABA system [13]. If we utilize
the lateral anisotropy to purposely make the system

transparent for both incident polarizations at a common
frequency but with different transparency mechanisms,
then the transmission coefficients of the system must
be tx ¼ eiφx , ty ¼ eiφy , where φx ≠ φy. When Δφ ¼
φy − φx is large, the polarization manipulation can be
easily realized.

We first employed the finite-element method (FEM)
[14] to numerically study the transmission properties
of the system for ~E‖x̂. Assuming d ¼ 3mm, we calcu-
lated the normal-incidence transmission spectrum and
plotted the results in Fig. 2(a) as open circles. Three
perfect transmission peaks are observed at 2.1, 2.8,
and 6:6GHz. To understand the nature of these peaks,
we varied the interlayer distance d to recalculate these
peak frequencies and plotted the results in Fig. 2(b) as
symbols. As d increases, the first two peaks approach
each other and merge together as d exceeds a critical
value. Meanwhile, the third peak approaches a limiting
frequency ∼7:1GHz as d increases.

Figure 2(b) implies that the three peaks might have dif-
ferent physical origins. The first two peaks are easily
identified as those discussed in [13], which can be ex-
plained by the effective medium theory (EMT). By com-
paring FEM calculations on realistic structures and
transfer-matrix method (TMM) calculations on homoge-
neous slabs [13], we found that individual A and B
layers can be modeled by two homogeneous slabs with

Fig. 1. (Color online) (a) Unit cell structure of our design:
a ¼ 12, b ¼ 10, g ¼ 21:3, e ¼ 9, p ¼ 11, l ¼ 1, and h ¼ 0:6mm,
and the metal thickness is 0:018mm. All substrates have
ε ¼ 3:5, and for layer B the metallic mesh is sandwiched be-
tween two identical substrates. Pictures of fabricated (b) A
and (c) B layers.
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εxA ¼ 20:2þ 1917=ð5:472 − f 2Þ and εB ¼ 4:483 − 623:1=f 2,
where f denotes the frequency measured in gigahertz.
Replacing the realistic layers A and B by two homoge-
neous slabs with the above permittivity, we employed
the TMM to calculate the transmission spectrum for the
system with d ¼ 3mm and plotted the results in Fig. 2(a)
as a solid line. The TMM results reproduced the first two
peaks in the FEM spectrum, but the third peak at
∼6:6GHz is missing. We next employed the TMM to cal-
culate the transmission peaks in different d cases and
plotted the results as solid lines in Fig. 2(b). Again, the
TMM calculations reproduced the general behaviors of
the first two peaks [13]. However, the third peak does
not exist in TMM.
We found that the third peak is governed by the extra-

ordinary optical transmission (EOT) mechanism [15–17].
Because εB is negative, p-polarized surface plasmon po-
laritons (SPPs) exist on the surface of layer B. Generally,
such modes cannot be excited by propagating waves due
to the wave-vector mismatch. However, when a layer A is
placed near the layer B, the periodicity of layer A pro-
vides a reciprocal vector to compensate the wave-vector
mismatch so that the SPP modes can be “seen” by inci-
dent plane waves, leading to the EOT phenomenon.
Numerical simulations confirmed this conjecture.
Depicted in Fig. 3(a) are the field distributions inside
an ABA structure at the transparent frequency. Only
Ex, Ez, and By exist here, which distribute periodically
on both surfaces of layer B with periodicity identical to
that of layer A. These are clear features of a p-polarized
SPP mode modulated by Bragg scatterings. We further
calculated the dispersion of SPPs on layer B with the ob-
tained εB and drew the dispersion curve in Fig. 3(b) as a
solid line [18,19]. Clearly, the SPP dispersion lies below
the light line (dashed line) and thus cannot be excited
by a normal-incident plane wave. However, with an
additional reciprocal vector provided by layer A
(G ¼ 2π=ð2aÞ), an SPP mode can be excited, leading to
the EOT at 7:1GHz, which matches perfectly with the
limiting frequency observed in Fig. 2(b). The deviations
from the limiting value in the small d case [see Fig. 2(b)]
are caused by the strong disturbances in the SPP disper-
sion contributed by layer A. We note that the transmit-
tance at the EOT is ∼100% based on full-wave FEM

calculations, consistent with an early theoretical analysis
on a slightly different structure [20].

Understanding the physical mechanisms helps us
manipulate these transmission peaks freely and indepen-
dently. The two EMT peaks are dictated by the micro-
structure of layer A but are insensitive to the
periodicity, while the EOT peak is essentially determined
by the periodicity of layer A. Simultaneously, three peaks
also exist for the polarization ~E‖ŷ, but at different fre-
quencies. Therefore, we purposely adjusted the structure
to make the EOT peak for x-polarization coincident with
the second EMT peak for y-polarization. Specifically, the
EMT peaks may blueshift (redshift) if the parameter g is
decreased (increased), while the EOT peak may blueshift
(redshift) if the parameter a is decreased (increased).
The transmission spectra (including amplitudes and
phases) through the optimized system are shown in Fig. 4
as solid lines for two incident polarizations. We note that
the system is perfectly transparent for both polarizations
at ∼5:1GHz. However, the transmission phase changes
are φx ∼ 0∘ and φy ∼ 90∘ for the two polarizations. The
physics underlying such a big difference is that the trans-
parencies are dictated by different principles. For x-
polarization the transparency is the EOT type, and thus
φx is nearly 0, since the role of layer A is to provide a
reciprocal vector and it does not need to have a large per-
mittivity. In contrast, the transparency for y-polarization
is the EMT type [see Fig. 4(b)], so φy must be large, since
a large permittivity is required for layer A to compensate

Fig. 2. (Color online) (a) Transmission spectra (S21) for the
ABA structure with d ¼ 3mm, calculated by FEM and TMM.
(b) Transmission peak frequencies as functions of d, calculated
by FEM and TMM. The thicknesses of the homogenized A and B
layers are assumed to be 0.6 and 1:2mm, respectively, in TMM.

Fig. 3. (Color online) (a) Field distributions inside the struc-
ture (with d ¼ 8mm) calculated at 7:08GHz. (b) Dispersion
relation of the SPP on the B layer. The arrow represents a re-
ciprocal vector provided by layer A.

Fig. 4. (Color online) For the optimized structure (same
values as in Fig. 1, with d ¼ 0mm), simulated (solid curves)
and measured (circles) spectra of transmission amplitudes
and phases for two incident polarizations.
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the negative permittivity of layer B, based on the EMT
[13]. Such a bigΔφ is remarkable considering our system
is only λ=20 thick. In contrast, ordinary polarization-
modulation materials are much thicker than wavelength
to achieve this phase difference [3]. Although previously
designed thin metamaterials [8–12] can also realize such
a big phase difference, those systems do not support
perfect transmissions, and the physical mechanisms
are quite different.
Microwave experiments were performed to verify the

theoretical predictions. We fabricated metamaterial sam-
ples in sizes 48 cm × 48 cm based on the designs [see pic-
tures for layers A and B shown in Figs. 1(b) and 1(c)] and
measured the transmission spectra of the ABA structure
using a vector network analyzer (Agilent E8362C PNA).
The measured jS21j and Δφ are plotted as open circles in
Fig. 4 for two incident polarizations. Excellent agreement
is found between experimental and simulation results. In
particular, experiments confirmed that the transmittance
is maximized for both polarizations around 5:1GHz, but
with a phase difference of ∼90∘. However, the maximum
transmissions cannot reach 100% as predicted by the the-
ory, probably due to the imperfections in the sample and
the loss of the substrate.
The designed system can realize many fascinating po-

larization manipulation effects. As shown by both simu-
lations and experiments in Figs. 5(a) and 5(b), an input
linearly polarized wave (LPW) with ϕ ¼ 45∘ (ϕ ¼ 60∘) be-
comes a circularly (elliptically) polarized wave after pas-
sing through our system. Put two ABA systems together,
and the whole system can achieve a doubled phase dif-
ference (∼180∘) for two incident polarizations. Therefore,
an LPW keeps its linear polarization, but with the po-
larization direction rotated after passing through the

system. An example is shown in Fig. 5(c), where the E
direction is rotated from ϕ ¼ 30∘ to ϕ ¼ 150∘ after pas-
sing through the device. Such a rotation angle is remark-
able, since the thickness of our device is only λ=10 [3].

In short, we demonstrated both experimentally and
theoretically that an ultrathin metamaterial could manip-
ulate EM wave polarizations efficiently in transmission
geometry.
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Fig. 5. (Color online) Simulation (solid curves)andexperimen-
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