
PHYSICAL REVIEW B 100, 245421 (2019)

Anomalous birefringence through metasurface-based cavities with linear-to-circular
polarization conversion
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We propose the metasurface-based cavities for splitting a linearly polarized (LP) electromagnetic wave into
two symmetric circularly polarized (CP) beams with opposite helicities. More specifically, periodic strip slits
and rectangular C-slits etched on substrate integrated waveguide cavities are shown to be capable of perfectly
coupling the LP wave into the cavities from the strip slit array, and then releasing them with specific polarization
directions according to the orientations of the C-slits. Such metasurface-based cavities with gradient oriented
C-slit array would further create the opposite equivalent phase gradients for the right-hand and left-hand
CP transmitting waves that are decomposed from the released LP wave with anomalous birefractions and
polarization conversion simultaneously.
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I. INTRODUCTION

The birefringence effects of light, usually observed from
anisotropic materials in nature when electromagnetic (EM)
fields are penetrating through, have been widely applied in
the design of optical polarizing devices [1,2].

Metasurfaces with phase-modulated layouts of meta-atoms
have recently demonstrated perfect dual beam generation with
controllable traveling directions to mimic the birefringence in
the reflection regime [3–6], where the isotropic metasurfaces
can normally create dual beam reflections with the same polar-
izations of the original incidence [3,4], while the anisotropic
metasurfaces would be able to produce two orthogonal lin-
early polarized (LP) components reflected in different direc-
tions [5,6]. In the meanwhile, the metasurfaces also demon-
strate the great capabilities to tune the polarization states of
the EM fields [7–16], where LP waves can be converted into
circularly polarized (CP) waves through assigning the equal
amplitudes and 90◦ phase difference to the two orthogonal
LP components [10–16]. Especially, the metasurfaces have
also been shown to be capable of manipulating the traveling
directions of the reflections while converting the polarizations
of the EM fields through tuning the amplitudes and phases of
two orthogonal LP components simultaneously [14,15].

However, the investigations of tuning the polarizations and
traveling directions of EM fields at the same time are mostly
based on reflective metasurfaces with few studies consult-
ing the transmissive metasurfaces, especially for the cases
of linear-to-circular polarization transformation with control-
lable ray traces. This is because the transmittance of the
phase-gradient transmissive metasurfaces usually varies with
the change of transmitting phases and it is not trivial to obtain
the desired refractions from such bifunctional interfaces when
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compared with the metamirrors in the reflection regime. It
would thus be more challenging to perform the conversion
of LP into CP waves with controllable refraction angles with
high transmission efficiency [16], as it requires the gradient
phase discontinuities of two orthogonal polarized components
of EM fields over the metasurfaces while maintaining the
equal assignments of the amplitudes of such two orthogonal
polarized fields with a fixed phase difference of 90◦. Con-
temporary strategy through assembling Pancharatnam-Berry
metaelements [17–26] with spatially varying axis orientations
would fulfill such bifunctionalities of performing the polar-
ization conversion while redirecting the refraction angles.
Especially, metasurfaces based on the Pancharatnam-Berry
method possess the benefits of fabrication-friendly ultrathin
constructions with polarization sensitiveness, and scalability
at optical frequency ranges. Investigations have verified the
functionalities of Pancharatnam-Berry metasurfaces as qual-
ified polarization converters [19–22], and beam collimating
lenses [23–26]. However, it has also been proved that the
transmission efficiency of cross-polarization conversion by a
single layer metasurface is quite low with only 25% [17,19]
of the theoretical upper limit. To overcome such a drawback,
one can employ the multiple layered metasurface to acquire
the 2π range phase and nearly unit transmission, where fully
controllable Pancharatnam-Berry metasurface array with high
conversion efficiency would thus be available. We can observe
from the present literature that using cascade metasurfaces in
the transmission regime, normally with three [17] or four [18]
layered constructions, would offer the desired high conversion
efficiency of LP into CP waves with controllable refraction
angles. However, these designs would unavoidably be loaded
with an increased overall thickness at the cost of the high
efficiency. Therefore, it is always appealing to transform the
incoming light with satisfactory polarization conversion effi-
ciency while retaining the benefits of thin profile constructions
of the metasurfaces. With this end in view, we propose the
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metasurface-based cavities to generate anomalous refractions
of split dual beams with linear to circular polarization conver-
sion with high transformation efficiency. Our design would
not dramatically increase the overall thickness compared with
the ultrathin single layered Pancharatnam-Berry metasurface,
but, at the same time, can sufficiently increase the conversion
efficiency through coupling of an incoming LP wave into a
certain cavity mode and then reemitting as CP waves with
user-defined transmission phases. More specifically, we show
that the periodic strip slits and rectangular C-slits etched on
substrate integrated waveguide (SIW) cavities would perfectly
couple the LP wave into the cavities to form the resonant mode
of TM110 through the gates of the slit array, and then release
the transmitting waves with specific polarization directions
according to the orientations of the C-slits. By introducing
the gradient oriented C-slit array on such metasurface-based
cavities, the opposite equivalent phase gradients would be
readily created for the right-hand CP (RHCP) and left-hand
CP (LHCP) transmitting waves that are decomposed from the
released LP wave to achieve anomalous birefringence and
polarization conversion simultaneously in the transmission
regime.

II. MODELING OF THE METASURFACE-BASED CAVITIES

Figure 1 illustrates the schematic diagram of the anoma-
lous birefringence from the metasurface-based cavities with
polarization conversion, where an LP wave is split into two
orthogonal CP waves. Each unit cell of such a metasurface-
based cavity consists of a strip slit etched on the back side
and a rectangular C-slit etched on the front side of an SIW
cavity formed by four rows of metallized cylindrical vias
within a metal-coated dielectric substrate. The strip slit array
is responsible for coupling the LP wave into the cavities,
while different oriented C-slits induce anomalous birefrin-
gence through creating opposite equivalent phase gradients
for the RHCP component and the LHCP component of
the transmitting waves. In this way, the metasurface-based

FIG. 1. Schematic diagram of the anomalous birefringence from
the metasurface-based cavities with an LP wave splitting into an
RHCP wave and an LHCP wave.

FIG. 2. Metasurface based cavity under the illumination of an x-
polarized EM wave. (a) The configuration of the metasurface-based
cavity, where the C-slit is demonstrated to have a rotating angle of
δ. (b) E-field vector and (c) H-field vector of the TM110 mode in the
same structural SIW cavity with no etched slits.

cavities can thus split the incident LP wave into two orthogo-
nal CP waves with opposite refraction angles.

Consider the metasurface-based cavity with the same and
periodic unit cells under the illumination of an x-polarized
wave x̂E i

x, as shown in Fig. 2(a), where the rectangular
C-slits etched on the front side of the SIW cavity are set
with a rotating angle of δ. Such an SIW cavity should
support resonant modes of TMmn0 (m = 1, 2, 3, . . . and n =
1, 2, 3, . . .) and the relationship between the resonant fre-
quency fr and the cavity dimensions would be determined
by fr ≈ c0

√
m2 + n2/(2

√
εr peff ) with c0 of the light velocity

and peff = p − d2/(0.95D) as the effective side length of
the SIW cavity [9,27,28]. The resonant mode of TM110 can
thus be excited in the SIW cavity by having the structural
parameters of d = 0.6 mm, D = 1.02 mm, p = 8.16 mm,
h = 3 mm, s = 3 mm, t = 0.4 mm, and εr = 3.5. We can
observe in Figs. 2(b) and 2(c) that the vector of E-field of
the TM110 mode points in the z direction, while the vector
of H field of the TM110 mode demonstrates the rotational
symmetric distribution in the xy plane.

Figure 3 demonstrates the transmission characteristics of
the metasurface-based cavities by imposing the boundary con-
dition with the Floquet mode analysis that virtually repeats the
modeled structure in Fig. 2(a) periodically in two directions.
For the metasurface-based cavities, the strip slits couple the
x-polarized wave into the cavities to form the resonant mode
of TM110 and the C-slits then release the TM110 mode in the
cavities as the transmitting wave �Et with both x-polarized
component Et

x and y-polarized component Et
y having the

relationship of

�Et = x̂Et
x + ŷEt

y = (x̂Txx + ŷTyx )Ei
x, (1)
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FIG. 3. Transmission characteristics of the metasurface-based
cavities for the lossless and lossy cases at 15 GHz, where the slit
parameters should be slightly adjusted to maintain the resonant
transmissions when δ is changing. (a) Transmittance varied with
frequency when δ = 0◦, where a = 2.63 mm and b = 5.27 mm.
(b) Transmittance varied with frequency when δ = 45◦, where
a = 2.65 mm and b = 5.33 mm. (c) Transmittance varied with
frequency when δ = 60◦, where a = 2.67 mm and b = 5.36 mm.
(d) Transmittance varied with frequency when δ = 90◦, where
a = 2.72 mm and b = 5.48 mm. (e) Transmittance and (f) transmis-
sion phase ϕ0 varied with δ at 15 GHz.

where Txx and Tyx refer to the linear transmission coefficients
in the x and y directions, respectively. We can observe in
Figs. 3(a)–3(d) that the metasurface-based cavities could pos-
sess perfect 100% transmittance at 15 GHz for the lossless
case, and the transmittance of the periodic unit cell would
gradually decrease as the loss tangent of the dielectric in-
creases. However, the transmittance can still maintain a con-
stant value regardless of the variation of the C-slit orientations
with |T |2 = |Txx|2 + |Tyx|2 in Fig. 3(e), although suffering
with dielectric losses. The x- and y-polarized components
would decrease and increase respectively when we enlarge the
C-slit rotating angle of δ. On the other hand, the transmission
phase of ϕ0 ≈ 0◦ can almost keep unchanged at 15 GHz de-
spite the variations of δ with and without the dielectric losses,
as shown in Fig. 3(f). Clearly, the transmitting fields would
still maintain the LP waves, and the polarization direction
should be in accord with the rotating angle of the C-slits, as
the transmission coefficients in the x and y directions can be

FIG. 4. Characteristics of the equivalent CP waves for the loss-
less and lossy cases. (a) Relationship between LP wave and CP
waves. (b) Equivalent transmittances and (c) transmission phases of
the CP waves varied with δ at 15 GHz.

approximated as

Txx ≈ |T | cos δ e jϕ0 , (2)

Tyx ≈ |T | sin δ e jϕ0 . (3)

The physical mechanism behind such a phenomenon is that
the C-slit resonator can only be effectively excited by the
H-field vector perpendicular to the opening gap of the C-slit.
Therefore, different orientated C-slits would have the same
excitation status as the TM110 mode possessing the rotational
symmetric H-field distribution, and the polarization direction
of the transmitting wave would be rotated according to the
orientation of the C-slits.

We understand that an arbitrarily transmitting LP wave �Et

can be equivalent to the combination of the RHCP component
Et

R and the LHCP component Et
L, as shown in Fig. 4(a) with

the expression of

�Et = R̂Et
R + L̂Et

L, (4)

where R̂ = (x̂ − jŷ)/
√

2 and L̂ = (x̂ + jŷ)/
√

2 refer to the
RHCP unitary vector and LHCP unitary vector, respectively.
Therefore, by solving Eqs. (1)–(4) we can obtain

Et
R = 1√

2
|T |Ei

xe j(δ+ϕ0 ), (5)

Et
L = 1√

2
|T |Ei

xe j(−δ+ϕ0 ). (6)

Clearly, the transmittances |Et
R/L|2/|Ei

x|2 of both RHCP
and LHCP components should possess equal values of total
transmission, and the transmission phases of the RHCP and
the LHCP components would be ϕR = δ + ϕ0 and ϕL = −δ +
ϕ0, respectively. Figures 4(b) and 4(c) demonstrate the equiv-
alent transmission characteristics of the RHCP and LHCP
components at 15 GHz. We can observe in Fig. 4(b) that
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both of the RHCP and LHCP components would own half
of the transmitting energy in the lossless case, regardless
the variations of δ. On the other hand, the lossy dielectrics
degrade the overall transmissions; however, the RHCP and
LHCP components would decay in the same manner and
can still maintain identical amplitude. In addition, we can
also observe in Fig. 4(c) that ϕR and ϕL of RHCP and
LHCP components would achieve the same absolute values
of transmission phases with opposite gradients when δ is
changing in both cases with and without the dielectric losses.
Therefore, we can utilize the metasurface-based cavities with
gradient oriented C-slit array to create the opposite equivalent
phase gradients of the two CP components according to the
generalized Snell’s law of refraction to split the RHCP and the
LHCP waves, where the rotating angle gradient of the C-slits
is set as dδ/dy = dϕR/dy = −dϕL/dy = −k0 sin θ with k0

referring to the wave number in free space [29–32]. And in
this way, we can thus realize anomalous birefringence and
polarization conversion simultaneously by transforming the
incident LP wave to the RHCP and LHCP waves.

We now use the metasurface-based cavities with gradient
oriented C-slit array to create the opposite equivalent phase
gradients of two orthogonal CP components, and split two
such CP waves with the opposite refraction angles of ±θ .
For instance, when the orientation gradients of the C-slits
between the adjacent unit cells is set as 90◦ in the y direction
as shown in Fig. 1(a), we would obtain dϕR/dy = −0.61k0

with the refraction angle of −38◦ for the RHCP component
and dϕL/dy = 0.61k0 with the refraction angle of 38◦ for
the LHCP component. Figures 5(a) and 5(b) demonstrate
the E-field distributions and 3D far-field performances of
such metasurface-based cavities under the incidence of an
x-polarized wave. Figure 5 thus demonstrates the simulation
results of such anomalous birefringence with polarization
conversions through metasurface-based cavities, where an x-
polarized plane wave is employed as the illumination. The
metasurface-based cavities in the simulation are assumed
lossless with periodic boundary conditions. We can observe
in Fig. 5(a) that the metasurface-based cavities could be able
to function as an EM beam splitter to split the incident LP
wave to two beams and in Fig. 5(b) that the RHCP component
is steering in the direction of −38◦ while the LHCP compo-
nent would propagate in the opposite direction of 38◦ as we
expected, which achieves the anomalous birefractions with
polarization conversion from the LP wave to both RHCP and
LHCP waves. Clearly, the beam refraction directions can also
be controlled by using different rotating angle gradients, as
shown in Figs. 5(c)–5(f). We can observe that the refraction
directions would be ±18◦, ±24◦, ±38◦, and ±54◦ when
the orientation gradients between the adjacent unit cells are
45◦, 60◦, 90◦, and 120◦, respectively. Clearly, the proposed
metasurface-based cavity can possess perfect transmittance in
the ideal lossless case. The far-field radiations would expe-
rience some degradations with approximate 0.7 dB, 1.6 dB,
and 2.6 dB, respectively, when we employ the lossy di-
electric with the loss tangents of 0.002, 0.005, and 0.008.
However, the directions of the split beams can keep almost
unchanged regardless the dielectric loss. On the other hand,
the polarization states of the split beams can be quantified
by the linear to circular polarization conversion ratio [33,34]

FIG. 5. Anomalous birefringence with polarization conversions
through metasurface-based cavities for the lossless and lossy cases
when under the illumination of an x-polarized wave at 15 GHz.
The slit parameters are a = 2.78 mm and b = 5.65 mm for δ = 120◦,
a = 2.82 mm and b = 5.72 mm for δ = 135◦, a = 2.90 mm and
b = 5.82 mm for δ = 180◦, and other structural parameters are the
same as in Fig. 3. Due to the symmetry of the metasurface-based
cavities, the values of a and b are the same as 360◦-δ when δ is
changing from 180◦ to 360◦. (a) Normalized E-field distributions
with Ex component. (b) Normalized 3D far-field patterns. In (a) and
(b), the orientation gradients of the C-slits between the adjacent
unit cells are 90◦, and the E-fields are normalized by 600 V/m
and the radiation patterns are normalized by 14.5 dBW/m2. (c)–(f)
Normalized far-field intensities in yz plane with different dδ/dy,
where the orientation gradients of the C-slits between the adjacent
unit cells are 45◦, 60◦, 90◦, and 120◦, respectively.

ηcp = ||EL|2 − |ER|2|/(|EL|2 + |ER|2), where ER and EL

refer to the electric amplitude of RHCP and LHCP com-
ponents, respectively. Clearly, the definition of ηcp only
indicates the purity of the circular polarization of the trans-
mitting waves in the propagating directions and would
thus not suffer with the dielectric losses. As a result, ηcp

would be 99.9%, 99.6%, 96.7%, and 98.8% at the refraction
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FIG. 6. Simulation results of horn fed metasurface-based cavity
with dδ/dy = 0.61k0. (a) Practical implementation of the LP plane
wave illuminating on the metasurface-based cavities and normalized
E-filed distribution of the rectangular horn antenna. The aperture
sizes of the rectangular horn antenna are 70 mm and 90 mm in the x
and y directions with L1 = 120 mm. The metasurface-based cavity is
having the aperture of 130.56 mm × 130.56 mm. (b) Normalized 3D
far-field patterns and (c) 2D far-field patterns in yz plane of the horn
fed metasurface-based cavity with different separation distances L.
(d) Simulation results of the horn fed metasurface-based cavity with
different loss tangents, where the metasurfaces are set closely on the
horn exit with L = 0 mm.

angles when dδ/dy = 0.31k0, dδ/dy = 0.41k0, dδ/dy =
0.61k0, and dδ/dy = 0.82k0, respectively, demonstrating ef-
ficient conversions from linear polarizations to circular polar-
izations.

III. IMPLEMENTATION OF THE
METASURFACE-BASED CAVITIES

In order to verify the anomalous birefringence with linear
to circular polarization conversion, we load the metasurface-
based cavities on a wide aperture rectangular horn antenna.
The horn antenna acts as the emitter of the x-polarized plane
wave and can be readily implemented in the measurement.
Figure 6 thus demonstrates the far-field performances with
different separation distances L between the horn antenna
and the metasurface-based cavities. We can observe that the
metasurface-based cavities could all effectively split the inci-
dent wave emitted by the horn antenna into two orthogonal
CP beams with different L. However, the side lobes of the
released fields gradually increase as the distance gets further
and reach a very high level when the separation distance is
200 mm. The reason is that large parts of the radiations from
the horn antenna would simply go around the metasurface-
based cavity when we enlarge the separation distance, thus
producing higher side lobes. On the other hand, the one
with metasurface-based cavities closely at the location of
the horn exit achieves very sound radiation performance as
we expected. We continue to investigate the loss effects on

FIG. 7. Experimental setup and manufactured photos of the
metasurface-based cavities. (a) Experimental setup. The horn an-
tenna is the same as the one in Fig. 6. (b)–(d) Manufactured photos of
the metasurface-based cavities. The aperture size of the metasurface-
based cavity is the same as the one in Fig. 6 with 130.56 mm ×
130.56 mm.

the performance of the metasurface-based cavities, where the
metasurfaces in such investigations are thus set closely on the
horn exit with L = 0 mm. We can observe that the gain values
of anomalous birefringence decrease gradually as the loss
tangents of the metasurface-based cavities are enlarged. How-
ever, the overall functionalities of the simultaneous tuning of
propagating directions of CP waves and LP-to-CP conversion
are still valid.

Finally, we fabricate the proposed metasurface-based cav-
ities with two different C-slit orientation gradients dδ/dy =

FIG. 8. Measured results of the metasurface-based cavities.
(a), (b) Reflection coefficients of the horn fed metasurface-based
cavities and gains in yz plane with different dδ/dy. (c) Measured
far-field patterns at 15.5 GHz when dδ/dy = 0.31k0. (d) Measured
far-field patterns at 15.6 GHz when dδ/dy = 0.61k0.
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0.31k0 and dδ/dy = 0.61k0 as demonstrated in Fig. 7. In the
experiment, the F4B circuit board (εr = 3.5; loss tangent =
0.0015) is chosen as the dielectric substrate and loaded on
the horn antenna as demonstrated in Fig. 7. The radiation
performances are tested by using an antenna measurement
system in the microwave chamber, where we place the whole
system in the center of the turret to test the gain when the turret
rotates 360◦ and the radiation patterns are obtained by com-
paring with a standard diagonal horn. Figure 8 demonstrates
the experimental results of the metasurface-based cavities. We
can observe that the operating bandwidth of the proposed
design is very limited due to inherent resonant behaviors of
the metasurface-based cavity and the center frequencies shift
about 0.5 GHz and 0.6 GHz respectively of the measured
results as demonstrated in the S parameters and gains with
different dδ/dy, as shown in Figs. 8(a) and 8(b). In the
simulation, we can slightly adjust slit parameters to maintain
the resonant transmissions at 15 GHz as shown in Fig. 3,
while in the experiments such frequency shifts mainly come
from the fabrication tolerance of smaller permittivity of the
dielectric substrate and slit apertures during the practical im-
plementation. We can also observe that the RHCP and LHCP
waves propagate in the opposite directions as we expected

with the refraction angles in Figs. 8(c) and 8(d). In addition,
the polarization conversion ratios are shown to be 99.9% and
97.6% at the refraction angles, respectively.

IV. CONCLUSIONS

In conclusion, we have proposed the metasurface-based
cavities for the anomalous birefringence by transforming
an LP wave into two CP waves with opposite helicities
simultaneously in this paper. Especially, we show that the
periodic strip slits and gradient orientated C-slits etched on
SIW cavities could perfectly couple the LP wave into the
cavities, and release them with opposite refraction angles
for the RHCP and LHCP waves. Our design of building up
birefringent metasurface-based cavities should pave the way
for the development of more advanced polarizing devices.
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