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We show that the polarization states of electromagnetic waves can be manipulated through reflections

by an anisotropic metamaterial plate, and all possible polarizations (circular, elliptic, and linear) are

realizable via adjusting material parameters. In particular, a linearly polarized light converts its polar-

ization completely to the cross direction after reflection under certain conditions. Microwave experiments

were performed to successfully realize these ideas and results are in excellent agreement with numerical

simulations.

DOI: 10.1103/PhysRevLett.99.063908 PACS numbers: 42.25.Ja, 42.25.Bs, 78.20.Bh, 78.20.Fm

Polarization is an important characteristics of electro-

magnetic (EM) waves. It is always desirable to have full

control of the polarization states of EM waves. Con-

ventional methods to manipulate polarization include us-

ing optical gratings, dichroic crystals, or employing the

Brewster and birefringence effects, etc. [1,2]. Here we

propose an alternative approach based on metamaterials

[3–6]. Metamaterials have drawn much attention recently

due to many fascinating properties discovered, such as the

negative refraction [4], the in-phase reflection [5], and the

axially frozen modes [6], etc. Here, we show that a specific

metamaterial reflector can be employed to manipulate the

polarization state of an incident EM wave. In particular, a

complete conversion between two independent linear po-

larizations is realizable under certain conditions. We show

the physics to be governed by the unique reflection prop-

erties of the metamaterial, and we perform experiments

and finite-difference-time-domain (FDTD) simulations to

demonstrate these ideas in the microwave regime.

We start from studying a model system as shown in

Fig. 1(a), which consists of an anisotropic homogeneous

metamaterial layer (of a thickness d) with a dispersive

relative permeability tensor �$2 (with diagonal elements

�xx,�yy,�zz) and a relative permittivity "2, put on top of a

perfect metal substrate (with "3 ! �1, �3 � 1). We

consider the reflection and refraction properties of the

structure, when a monochromatic EM wave with a wave

vector ~kin��!=c��sin�cos�x̂�sin�sin�ŷ�cos�ẑ� and a

given polarization strikes on the surface. According to the

Maxwell equations, EM waves should satisfy ~E �

��c2=!2"2� ~k� ���$�1
2 � 	 � ~k� ~E�� inside the metamaterial

layer with ~k the wave vector. Given kx and ky, the dispersion

relation between ! and kz is determined by �!=c�4"22�
�!=c�2"2

P
i��

�1
ii ��k2 � k2i � � �k2=2�

P
i�j�l�

�1
ii �

�1
jj k

2
l �

0, where i; j; l � x; y; z. The above equation has four roots

corresponding to two refracted waves propagating for-

wardly and backwardly. The solution inside the second

layer must be a linear combination of these four waves,

manifesting the birefringence effect [1,7]. To match the

boundary conditions, we must also expand the waves in

other regions to linear combinations of four solutions,

namely, the forward (backward) waves with s and p polar-

izations. The reflected beam thus generally consists of both

s and p modes, even if the incident wave possesses one

polarization. To solve these problems, we have extended

the conventional 2� 2 transfer-matrix-method (TMM) [8]

to a 4� 4 matrix version [6,7,9].

We performed numerical calculations based on the

TMM assuming that �xx � 1� 70=�12:712 � f2�, �yy �

1� 22=�6:802 � f2�, �zz � 1, "2 � 1, d � 1:3 mm,

where f denotes the linear frequency measured in GHz.

Suppose the incident wave is s polarized, ~Ein �

ê�in�s ei��
~kin	 ~r�!t�, the reflected wave can be written as ~Er �

�rssê
�r�
s � rspê

�r�
p �ei��

~kr	~r�!t�, where ê�in�s , ê�r�s , and ê�r�p are

the unit E vectors in different cases. We define a polariza-

tion conversion ratio (PCR) as PCR � r2sp=�r
2
ss � r2sp�.

Without absorption and diffractions, we get r2ss � r2sp 


1, and thus PCR � r2sp. The calculated results of PCR are

shown as solid lines in Fig. 2(a) for a normal incidence case

with � � 45� [10], and in Fig. 2(b) for � � � � 45�. We

find the PCR to be strongly enhanced around two frequen-

cies, �12:7 and �6:8 GHz, corresponding precisely to the

two resonances at which �xx or �yy tends to infinity. In

particular, for the normal incidence case studied in

Fig. 2(a), our theory predicts that PCR � 100% at the

two resonance frequencies, indicating that a linearly po-

larized light converts its polarization completely after the

reflection.

In general, both s and p components exist inside the

reflected beam. Define �’sp by rsp=rss � jrsp=rssje
i�’sp ;

we calculated �’sp versus frequency for the two cases

studied in Fig. 2. From the results (solid lines) recorded in

Fig. 3, we find that �’sp can take arbitrary values within

[ � 180�, 180�] depending on the frequency, indicating
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that all possible polarization states (circular, linear, ellip-

tic) are realizable for the reflected beam. To illustrate, we

chose four cases to calculate the polarization patterns of

the reflected beams, and found that the resultant polar-

izations are linear (6.87 GHz), circular (7.27 GHz), and

elliptic (10.9 and 12.46 GHz), correspondingly.

The physics can be understood by a simple argument.

Consider the normal incidence case for simplicity. Sup-

pose the incident wave is given by ~Ein � �Exx̂�

Eyŷ�e
i��!z=c�!t�, then, after reflection by an ordinary ma-

terial, the reflected wave is ~Er � r�Exx̂� Eyŷ�e
i�!z=c�!t�

with r the reflection coefficient. However, with anisotropy

(�xx � �yy), the reflection coefficients, rx, ry are dif-

ferent for incident waves polarized along two directions.

Thus, the reflected wave should be ~Er � �rxExx̂�

ryEyŷ�e
i�!z=c�!t� and the polarization state can be manipu-

lated through varying rx, ry. For the configuration studied

in Fig. 2(a) with Ex � Ey, if we tune the material parame-

ters to yield rx=ry � �1, the polarization direction of the

reflected wave would be �x̂� ŷ, which is perpendicular to

that of the original wave, x̂� ŷ. A complete polarization

conversion (CPC) is thus realized [11].

The key issue is then how to control rx and ry. With a

metal plate on the back, our structure is always totally

reflecting, i.e., jrxj � jryj 
 1. However, the phase � 

of the reflection coefficient, defined by rx�y� � ei� x�y� ,

strongly depends on the metamaterial parameters. The

calculated reflection phases (� x, � y) for the model

system have been depicted in Fig. 4 versus frequency. In

most cases where �xx��yy� is not large, we have � y�x� �


180�, since the metamaterial layer is transparent and

light can directly ‘‘see’’ the metal plate which is reflecting

out of phase. However, at the resonances where

�xx��yy� ! 
1, we get � y�x� � 0 since light is reflected

directly by the opaque metamaterial which possesses infi-

nite impedance [5]. In general, we can obtain any value of

� y�x� through adjusting the values of�xx��yy� and d. The

physics for the CPC effect is now clear. Near each reso-

nance, one of �xx, �yy becomes very large while another

close to 1, and there must be a frequency where � x �

� y � 
180� and thus rx=ry � �1 (see Fig. 4).

We study how the effect depends on the incident angles.

Depicted in Fig. 5(a) are the PCR as functions of � and �,

calculated at f � 6:85 GHz. Numerical computations re-
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FIG. 2 (color online). PCR as the functions of frequency,

obtained by TMM calculations on the model system (solid lines),

FDTD simulations on realistic structures (solid stars), and ex-

perimental measurements (open circles). The incident direction

is (a) � � 0�, � � 45�, and (b) � � � � 45�.

FIG. 1 (color online). (a) Geometry of the model system

studied in this Letter. (b) Image of part of the experimental

sample. (c) A schematic picture of the experiment setup. Starting

from the laboratory coordinate system fx̂0; ŷ0; ẑ0g, we first rotate

the sample for an angle of � with respect to the ŷ0�� ŷ1� axis,

then for an angle of � with respect to the ẑ1�� ẑ� axis, and

finally arrive at the local coordinate system fx̂; ŷ; ẑg attached to

the sample.
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veal that the PCR cannot reach 1 in the arbitrary incidence

case, but the maximum PCR value can still approach 1. As

� increases, we find that the value of � to realize a

maximum PCR increases toward 90�, indicating that at

glancing incidence we can rotate ~E toward x̂ to maximize

the polarization conversion effect [12]. An opposite behav-

ior of � was found for the resonance at f � 12:7 GHz. To

facilitate easy comparisons with experiments, we show in

Fig. 5(b) the PCR as a function of � with � � 45�, and in

Fig. 5(c) the PCR as a function of � with � � 45�.

We employed experiments and FDTD simulations to

demonstrate these predictions. To realize the proposed

model system, we designed a frequency-selective structure

as shown in Fig. 1(b), consisting of a periodic array of

H-shaped metallic pattern (lattice constant a � 7 mm,

thickness � 0:1 mm), printed on a 1.2 mm thick printed

circuit board slab (with "r � 3:6) with a metal sheet on the

back. Other parameters are fixed as b � 5 mm, w �
1:0 mm. A single H-shaped metallic structure possesses

electric resonances for both polarizations [13]. When a

metal plate is added, currents are induced on the metal

plate surface, flowing along a direction opposite to the

currents induced on the H structures. The entire system

thus exhibits magnetic responses with well defined reso-

nance frequencies, but its electric polarization is strongly

diminished [14,15]. The composite material is then per-

fectly described by the double-layer model shown in

Fig. 1(a), with d � 1:3 mm being the thickness of the

H-pattern (0.1 mm) plus the inner dielectric layer
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FIG. 4 (color online). Frequency dependences of the reflection

phase changes � y�x� on the metamaterial reflector surface for

normally incident waves with polarizations ~Ejjx̂ and ~Ejjŷ, cal-

culated by TMM on model system (solids lines) and FDTD

simulations on realistic structures (solid stars).
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FIG. 3 (color online). Frequency dependence of the relative

phase �’sp between the s- and p-polarized modes inside the

reflected beam, calculated by TMM on model systems (solids

lines) and FDTD simulations on realistic structures (solid

stars). The incident direction is (a) � � 0�, � � 45�, and

(b) � � � � 45�. The insets show the polarization patterns of

the reflected beams calculated at different frequencies.

FIG. 5 (color online). (a) PCR as a function of � and �,

calculated by TMM. (b) PCR as a function of � with � fixed

as 45�, obtained by TMM (solid lines), FDTD simulation (solid

stars), and measurements (open circles). (c) PCR as a function of

� with � fixed as 45�, obtained by TMM (solid lines), FDTD

simulations (solid stars) and measurements (open circles). Here,

we set f � 6:85 GHz.
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(1.2 mm) [15]. As a demonstration, we employed FDTD

simulations [16,17] to calculate the reflection phase spectra

(� x�f�, � y�f�) of the designed composite and showed

the results in Fig. 4. The good agreement with the model

TMM results supports our conclusions [18].

We fabricated a 497� 497 mm2 sample based on the

designs, and performed microwave experiments. As sche-

matically shown in Fig. 1(c), the measurements were car-

ried out in an anechoic chamber using a network analyzer

(Agilent 8722 ES) and two linearly polarized horn anten-

nas. The distance between the source/receiver antenna and

the sample is 6.9 m. The sample was rotated appropriately

to achieve a desired incidence angle (�, �). Illuminating

the sample by a linearly polarized signal with ~Ejjŷ0 (i.e., s
wave [19]), we measured the reflected signal using a

ŷ0-polarized receiver horn (data collected as jrssj
2) and

an x̂0-polarized one (data collected as jrspj
2 [19]). With

both jrssj
2 and jrspj

2 obtained, we calculated the PCR and

drew the results in Figs. 2(a) and 2(b) as open symbols. We

also performed FDTD simulations [17] to calculate the

PCR spectra based on the designed system, and showed

the results as solid stars in the same figures. Quantitative

agreements are found among the results obtained by the

TMM, the FDTD simulations and experiments. In particu-

lar, both experiments and simulations verified the predicted

CPC effects. We next employed FDTD simulations to

compute the relative phase spectra [�’sp�f�], which are

again in good agreement with the model TMM results as

shown in Fig. 3, indicating that we can obtain any polar-

ization as desired. We finally employed experiments and

simulations to study the angle dependences of the polar-

ization conversion effects, and depicted the measured and

simulated results in Figs. 5(b) and 5(c). Satisfactory agree-

ments are noted compared with the model TMM results.

Other types of anisotropic metamaterials, say a slab with

an anisotropic "$ tensor or an anisotropic �$ tensor, yield

similar polarization manipulation effects. However, such

singe-layer systems are usually not perfectly reflective for

EM waves in arbitrary cases, and thus the manipulation

efficiency is low. In contrast, our double-layer system

ensures 100% reflection for arbitrary EM waves, so that

the manipulation efficiency is maximized.

In short, we proposed to use metamaterials to manipu-

late EM wave polarizations, and showed that a complete

conversion between two perpendicular linear polarizations

is realizable under certain conditions. The ideas were

successfully demonstrated in the microwave frequency

regime by experiments and simulations, and are believed

realizable also in higher frequency regimes.
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