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All-dielectric bianisotropic metasurfaces with tailored polarization and spectral responses are studied,
and a systematic approach to their design is developed. It is shown that a wide range of polarization
transformations over broad bandwidths, as well as multiple bands, can be implemented by cascading sub-
wavelength dielectric gratings. The subwavelength gratings, modeled as anisotropic layers, are cascaded
to form metasurfaces that control the polarization of impinging waves. These metasurfaces are a low-
loss alternative to their lossy, plasmonic counterparts at optical frequencies, and can replace conventional,
bulky optical components. The multifunctional performance and compactness (wavelength-sized thick-
ness) of the proposed devices will also find use at millimeter-wave frequencies. Example metasurfaces
are presented and their performance is verified through full-wave simulation. This work demonstrates the
flexibility with which cascaded subwavelength gratings can realize unprecedented polarization control
with varied spectral responses.
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I. INTRODUCTION

Manipulation of the polarization state of electromag-
netic waves has broad applicability in areas such as polari-
metric imaging, biosensing, and optical communication
[1–3]. At microwave and millimeter-wave frequencies,
polarization control can be achieved with cascaded pat-
terened metallic claddings. Through subwavelength tex-
turing, one can achieve a wide range of electric sheet
admittances, which can then be cascaded to realize tailored
electric, magnetic, and magnetoelectric surface properties
[4]. These responses can be used to refract a wavefront,
focus it, and control its polarization [4–9].

In optical and quasioptical systems, polarization con-
verters are implemented by cascading wave plates and
polarizers. Wave-plate retarders use birefringent crystals
and require a significant propagation distance to establish
the required phase differences between orthogonal polar-
izations. In addition, to overcome the narrowband perfor-
mance of wave-plate retarders, multilayered films are used,
yielding bulky structures incompatible with nanointegra-
tion.

The advent of metasurfaces has led to the realization
of low-profile devices with unprecedented functionali-
ties that are not achievable with naturally birefringent
media. Advances in nanofabrication have also led to the
emergence of new class of metasurfaces composed of all-
dielectric meta-atoms [10–13]. These structures can trace
their roots to dielectric resonator antennas, which have
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a rich history in the microwave community, dating back
to the 1980s [14,15]. More recently, arrays of dielectric
resonators have been used to devise all-dielectric trans-
missive and reflective nanoantennas at optical wavelengths
[16–18].

Huygens sources realized from silicon nanocylinders
have been used to mold wavefronts in a reflectionless
manner across ultrathin distances [19–21]. Near unity
transmission and full phase coverage is achieved by over-
lapping electric and magnetic Mie resonances of silicon
nanocylinders. An alternative approach to realizing a trans-
missive metasurface, which provides spatially varied con-
trol of phase and polarization, with efficiency exceeding
80% was reported in Refs. [22,23]. These all-dielectric
metalenses are implemented with elliptical silicon posts
and nanofins with various dimensions and orientations
that impose desired polarization-dependent phase gradi-
ents. Perfect mirrors have also been implemented using
the magnetic Mie resonances of nanoresonators [24,25].
Mie-resonant nanoparticles have been used in realizing
antireflection coatings across the visible spectrum [26].
In addition, broadband linear polarization conversion and
vortex-beam generation with high efficiency have been
reported with use of metareflectarray nanostructures [27].

Strong chirality has been shown with cascaded sili-
con crosses, tensor Huygens resonators, and nanogratings
[28–30]. Transparent dielectric meta-atoms with magne-
toelectric and Fano resonances have been demonstrated
by exploiting the coupling between dielectric resonators
[31–34]. Electromagnetic-induced transparency was
demonstrated with Fano-resonant all-dielectric structures
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FIG. 1. Exploded view of a generic, all-dielectric metasurface
composed of a stack of subwavelength dielectric gratings with
varied axis orientations separated by dielectric spacers. The mul-
tilayer metasurface can control the polarization of the impinging
waves in a multiband, multifunctional manner.

in Ref. [35]. Planar chirality was used to realize ultra-
thin circular polarizers with dielectric metasurfaces in Ref.
[36]. In addition, cylindrical dielectric particles with bro-
ken symmetries have revealed bianisotropic properties,
where losses are exploited within the dielectrics [37].
These earlier bianisotropic structures are design specific
and their generalization to other forms of polarization con-
trol is not straightforward. The all-dielectric metasurfaces
reported to date have shown a limited range of bian-
isotropic properties due to the scatterers and single-layer
topologies used that provide limited degrees of freedom.

High-contrast gratings can be thought of as the direct
predecessor of dielectric metasurfaces. The fabrication
process for dielectric gratings is well established, and
has led to a variety of devices, such as broadband and
anomalous reflectors [38–40], achromatic lenses [41,42],
flat lenses [43,44], filters [45,46], diffractive optical com-
ponents [47], wave plates [48–50], and linear and circular
polarizers [51–53]. Binary-phase gratings and blazed grat-
ings have been used in diffractive and refractive optical
components and deep-subwavelength, high-contrast grat-
ings used to form birefringence [50,54].

Complex, mutilayered or stacked gratings are found in
the natural environment, providing polarization filtering
and polarimetric vision to living organisms [55–58]. In
addition, a wide variety of electromagnetic phenomena
have been demonstrated by use of multilayered structures
and control of the physical and electrical properties of
each layer [59–66]. In this work, an approach to control
polarization with multilayer, high-contrast, subwavelength
gratings is reported. It is shown that by cascading sub-
wavelength gratings with varied orientations, shown in
Fig. 1, a variety of bianisotropic properties can be obtained,
allowing a wide range of polarization transformations and
tailored frequency responses.

The proposed, low-profile metasurfaces can be designed
to have broadband, multiband, and multifunctional

responses by exploiting the added degrees of freedom
(increased dimensionality) offered by multilayered meta-
surfaces. Broadband metasurfaces that realize a given
polarization conversion over a large continuous bandwidth
are reported. In addition, Multiband metasurfaces that real-
ize a common polarization conversion over different bands,
as well as multifunctional metasurfaces that realize dif-
ferent polarization conversions over different bands are
demonstrated [67–76]. It is shown that such multilayer,
all-dielectric metasurfaces can be designed in a systematic
manner.

The multilayer, all-dielectric metasurfaces are mod-
eled analytically, and therefore their optimization is
rapid, and does not require iterative full-wave simula-
tions [4–8,28,29]. The metasurfaces are represented as
stratified media, and are modeled with use of the wave-
matrix (WM; transfer-matrix) representation of cascaded
networks [77–79]. The high-contrast, subwavelength grat-
ings are simply modeled as anisotropic dielectric layers.
In the long-wavelength limit, subwavelength gratings can
be homogenized and represented as uniaxial slabs with
effective permittivities that can be written in closed form.
The effective-medium approach is applied to design the
metasurfaces for normal incidence. Higher-order Floquet
modes are bound to the gratings due to their subwavelength
periodicities, and as a result, only the zeroth-order coupling
between the gratings needs to be considered.

Use of low-loss dielectrics avoids the Ohmic dissipa-
tion observed in metallic structures. In addition, high-
contrast subwavelength gratings can generate far-greater
phase accumulation across a given thickness than natural
crystals. As a result, their overall thickness is significantly
reduced compared with that of polarization-controlling
devices consisting of natural birefringent media, conven-
tional cascaded wave plates, and commercially available
devices based on liquid crystals [80]. It is shown that the
performance of these structures is maintained over a wide
angular range despite their wavelength-scale thickness.

II. SUBWAVELENGTH GRATINGS

An extensive body of work exists on the electromag-
netic properties of periodic structures and diffraction grat-
ings. Gratings have been widely used in optoelectronics,
acousto-optics, holography, spectroscopy, and beam shap-
ing [47]. Structured periodic surfaces with periods smaller
than the wavelength of radiation can exhibit birefringence,
which suggests interesting applications in the implemen-
tation of polarizers, wave plates, and antireflection coat-
ings. Several approaches have been used to homogenize
gratings [81,82]. Studies have focused on the derivation
of closed-form expressions for their effective refractive
indices under TE and TM incidence. Expressions for

054066-2



BROADBAND, MULTIBAND, AND MULTIFUNCTIONAL. . . PHYS. REV. APPLIED 11, 054066 (2019)

FIG. 2. A subwavelength grating. Under TM (x-polarized)
and TE (y-polarized) incidence, it exhibits different effective
permittivities, and can be approximated as a uniaxial slab.

the effective permittivities of one-dimensional and two-
dimensional gratings have been derived in the quasistatic
and nonquasistatic limits [83,84].

Subwavelength gratings are the building block of the
proposed multilayer, all-dielectric metasurfaces. In the
long-wavelength limit, the subwavelength grating, shown
in Fig. 2, can be approximated as a uniaxial slab with the
same physical thickness as the subwavelength grating with
effective permittivities given by

εx = f ε1 + (1 − f )ε2,
1
εy

= f
ε1

+ 1 − f
ε2

. (1)

The expressions in Eq. (1) are for the effective permit-
tivities, εx and εy , for a wave propagating normal to the
stack with the electric field along x̂ (TM polarization) and
ŷ (TE polarization), respectively. The variable f denotes
the filling factor of medium 1. These expressions hold
for deep-subwavelength gratings under normal incidence.
More-accurate expressions for the effective permittivi-
ties of gratings were reported in Refs. [81,82,85], which
account for larger period-to-wavelength ratios. Here, sub-
wavelength gratings are used with period-to-wavelength
ratio

p
λ

≈ 0.1 (2)

The WM representation of cascaded networks is used to
model wave propagation (under normal incidence) within
the proposed multilayer metasurfaces shown in Fig. 1.
Since WMs relate the incident fields to the scattered fields,
they are closely related to scattering parameters [77].
Specifically, WMs relate the forward and backward prop-
agating waves in one layer to those in the next layer. As a
result, the WM of a cascaded network can be computed by
multiplying the WMs of its constituent components [78].
The multilayer metasurface considered consists of stacked
subwavelength gratings (Fig. 1). A subwavelength grating

can be thought of as a uniaxial slab with two interfaces and
two phase delays associated with the two orthogonal polar-
izations (Fig. 2). The WM of interface 1 can be found by
applying boundary conditions to the tangential electric and
magnetic fields, and solving for the incident and reflected
waves in one region in terms of those in the next region
[79]:

M
(1)

inter = tx ⊗
(

1 0
0 0

)
+ ty ⊗

(
0 0
0 1

)
, (3)

where

tu = 1
Tu

(
1 Ru

Ru 1

)
. (4)

The symbol ⊗ represents the Kronecker tensor product.
Variables Tu and Ru are the Fresnel transmission and
reflection coefficients:

Ru = ηu − η0

ηu + η0
, Tu = 2ηu

ηu + η0
, (5)

where

ηu = η0√
εru

(6)

and η0 is the free-space wave impedance. The variable u
can be either x or y, and εru is the relative effective per-
mittivity of the grating, given by Eq. (1), for a u-polarized
incident wave.

As noted, higher-order Floquet harmonics are confined
to the surface of the grating due to the subwavelength
periodicity of the grating. Therefore, it is sufficient to
study only the propagation of the zeroth-order harmonics.
As a result, the phase progression inside the slab can be
written as

Mdelay = �x ⊗
(

1 0
0 0

)
+ �y ⊗

(
0 0
0 1

)
, (7)

where

�u =
(

ej ϕu 0
0 e−j ϕu

)
, (8)

where

ϕu = ϕ0
√

εru, ϕ0 = k0d. (9)

The variable ϕ0 represents the electrical thickness of the
anisotropic slab in terms of free-space wavelengths. The
variable d is the physical thickness of the slab, and k0 is
the propagation constant in free space.

The total WM of an anisotropic slab is obtained by mul-
tiplying the WMs of the constituent elements: interface 1,
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the phase delay within the slab, and interface 2. Since the
WM of interface 2 is the inverse of the WM of interface 1
(Fig. 2), the total WM will be

M
aniso = M

(1)

interMdelayM
(2)

inter

= (tx�xt−1
x ) ⊗

(
1 0
0 0

)
+ (ty�yt−1

y ) ⊗
(

0 0
0 1

)
.

(10)

In writing Eqs. (3), (7), and (10), we assume the crystal
axes of the grating and the coordinate system are aligned.
However, for a rotation angle θ , the WM is transformed as

M
aniso
rot = (I ⊗ R(θ))Maniso(I ⊗ RT(θ)), (11)

where I is the 2 × 2 identity matrix and R is the rotation
matrix,

R(θ) =
(

cos θ − sin θ

sin θ cos θ

)
. (12)

The transformation given by Eq. (11) is general and appli-
cable to all network representations, including impedance,
scattering and ABCD matrices [86]. Application of
Eq. (11) to the WM of the anisotropic slab results in

M
aniso
rot = (tx�xt−1

x ) ⊗
(

cos2 θ sin θ cos θ

sin θ cos θ sin2 θ

)

+ (ty�yt−1
y ) ⊗

(
sin2 θ − sin θ cos θ

− sin θ cos θ cos2 θ

)
.

(13)

This WM of an anisotropic slab is used to model subwave-
length gratings and efficiently design cascaded metasur-
faces, consisting of stacked subwavelength gratings.

III. CASCADED SUBWAVELENGTH GRATINGS

It has been shown that a wide range of polarization
transformations can be realized by cascading anisotropic
metallic sheets [4–7]. A systematic design technique was
developed for such metasurfaces to obtain targeted scat-
tering responses in Ref. [4]. Here a systematic approach
for the design of cascaded dielectric metasurfaces is devel-
oped. We can define a general bianisotropic response by
stipulating the desired scattering parameters: reflection and
transmission coefficients of the copolar and cross-polar
field components. The S matrix will be a 4 × 4 matrix,
corresponding to a four-port network, given that two com-
ponents of the field exist on either side of the cascaded
dielectric metasurface.

FIG. 3. Design variables that need to be determined in the ith
layer of the cascaded metasurface: grating thickness, filling ratio,
rotation angle, and thickness of the isotropic spacer.

The metasurface considered here is a cascade of sub-
wavelength gratings and spacers. The WM of each sub-
wavelength grating is given by Eq. (13). The WM of the
isotropic spacers (εs = εx = εy) is found by setting

t = tx = ty , � = �x = �y (14)

in Eq. (13). This results in the following WM for the
isotropic spacers

M
iso = (t�t−1) ⊗ I. (15)

The WMs of the constituent elements are multiplied to
obtain the total WM of the cascaded metasurface:

Mt =
N∏

i=1

(I ⊗ R(θi))M
aniso
i (I ⊗ RT(θi))M

iso
i . (16)

This total WM is then converted to its S-matrix represen-
tation [77,78] with use of

(
S11 S12
S21 S22

)
=

(
0 M11

−I M21

)−1 (
I −M12
0 −M22

)
(17)

and is equated to the desired scattering matrix.
Optimization can then be used to solve for the design

parameters (ϕaniso
i , ϕiso

i , θi, fi) of the constitutive layers
depicted in Fig. 3, as well as the number of layers, N . The
subwavelength grating, in layer i, rotated by an angle θi,
has free-space electrical thickness ϕaniso

i and filling ratio
fi. The isotropic spacer has free-space electrical thickness
ϕiso

i . The isotropic spacers are needed for the optimization
process to converge. The evanescent coupling between the
gratings is negligible since they are deeply subwavelength.
Therefore, there is no minimum thickness for the spacers.
Only upper bounds are set for the spacer thicknesses in the
optimization process.
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Optimization of a transparent metasurface involves
minimizing the following cost function:

|S21 − Sd
21| = |Sxx

21 − Sxxd
21 | + |Sxy

21 − Sxyd
21 |

+ |Syx
21 − Syxd

21 | + |Syy
21 − Syyd

21 |, (18)

where S21 is given by Eq. (17) and Sd
21 is the desired

transmission coefficient matrix. The component layers are
assumed to be reciprocal, and as a result, S12 = ST

21. Since
a reflective metasurface is described by reflection matrices,
Sd

11 and Sd
22, the cost function for a reflective metasurface

will be defined as

|S11 − Sd
11| + |S22 − Sd

22|. (19)

IV. DESIGN PROCESS AND EXAMPLES

The proposed all-dielectric metasurfaces can play a
major role at near-infrared and optical frequencies, where
metallic losses significantly degrade the efficiency of plas-
monic metasurfaces [87]. Efficiencies approaching 100%
can be achieved by use of low-loss dielectrics. The design
technique and resulting metasurfaces can be used to realize
compact, reciprocal, low-loss, and broadband transmis-
sive or reflective optical components such as symmet-
ric and asymmetric linear and circular polarizers, and
waveplates.

To begin, a symmetric linear polarizer is demonstrated
by cascading subwavelength gratings. The Jones matrices
of x- and y-polarized symmetric linear polarizers are

Px ≡ ej φ
(

1 0
0 0

)
, Py ≡ ej φ

(
0 0
0 1

)
, (20)

where the variable φ represents the phase delay across
the structure. In the following examples, the gratings are
assumed to be made of silicon and the spacers and trenches
are assumed to be made of silicon dioxide. At a wavelength
of 1.5 μm, the permittivities of silicon and silicon dioxide
are

εg = 12.1, εs = εt = 2.1, (21)

where εg , εs, and εt are the permittivities of the grat-
ing, spacers, and trenches, respectively. The effective
anisotropic permittivity of each subwavelength grating is
found with use of Eq. (1). The WM of each grating layer,
Maniso, is calculated with use of Eq. (10). The WM of
the spacers, Miso, is given by Eq. (15). The total WM is
then computed by multiplication of the WMs of the grat-
ings and spacers with use of Eq. (16). Insertion of the total
WM into Eq. (17) yields the corresponding S matrix. The
design parameters of the cascaded metasurface are deter-
mined numerically by use of the nonlinear programming

solver FMINCON in MATLAB and minimization of the cost
function given by Eq. (18),

|S21 − Sd
21| < ε,

or Eq. (19),

|S11 − Sd
11| + |S22 − Sd

22| < ε, (22)

for transmissive or reflective metasurfaces, respectively.
The difference ε can be arbitrarily small (higher conver-
gence) for increasing numbers of layers. The optimization
rapidly converges since the effective permittivities of the
anisotropic layers are written in closed form [Eq. (1)].
The design dimensions of a cascaded dielectric polarizer
consisting of four layers of subwavelength gratings are
shown in Fig. 4(a) for a design wavelength of 1.5 μm. The
reported metasurfaces are optimized under the assumption
that the constitutive materials are dispersionless [Eq. (1)].
However, the full-wave simulated performance of the
device accounts for the frequency dependence of the
dielectric materials and their associated losses.

Similarly, cascaded subwavelength gratings can be
designed to realize wave plates. For example, a half-wave
plate is typically implemented with use of naturally bire-
fringent crystals. However, at optical and near-infrared
wavelengths, wideband, reflectionless half-wave plates are
bulky, and do not lend themselves to nanointegration [88].
The Jones matrix of a half-wave plate is

H ≡ ej φ
(−1 0

0 1

)
. (23)

A half-wave plate is shown in Fig. 4(b). It is designed in
the same way as the polarizer.

A cascade of polarizers and wave plates is commonly
used to control polarization in various ways. For example,
an asymmetric linear polarizer can be implemented by cas-
cading a half-wave plate and a rotated (45◦) polarizer. In
contrast to a symmetric linear polarizer, which transmits
one linearly polarized incident wave and reflects the other,
an asymmetric linear polarizer converts a linear polariza-
tion (x̂) to an orthogonal polarization (ŷ) on transmission.
On the other hand, it reflects the orthogonal polarization
(ŷ). The Jones matrices for x- and y-polarized asymmetric
linear polarizers are

Ax ≡ ej φ
(

0 0
1 0

)
, Ay ≡ ej φ

(
0 1
0 0

)
. (24)

A structure, consisting of five layers of subwavelength
gratings, that realizes an asymmetric linear polarizer is
shown in Fig. 4(c). Cascading the half-wave plate in
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(a) (b)

(c) (d)

FIG. 4. Cascaded all-dielectric metasurfaces realizing (a) a symmetric linear polarizer, (b) a half-wave plate, (c) an asymmetric linear
polarizer, and (d) a symmetric circular polarizer. The thicknesses of the layers are given to the left of each structure. The grating filling
ratio and rotation angle (with respect to the x axis) are shown to the right. The grating period is identical in all the layers. Tyx denotes
the transmission coefficient from a linear x-polarized wave to a y-polarized wave, and TLR denotes the transmission coefficient from a
right-handed to a left-handed circularly polarized wave.

Fig. 4(b) and the polarizer in Fig. 4(a) will also yield a
broadband asymmetric linear polarizer. However, with the
integrated design, shown in Fig. 4(c), the same perfor-
mance can be obtained with a reduced number of layers
and reduced overall thickness.

Analogously to a linear polarizer, a symmetric circular
polarizer transmits one handedness of circular polariza-
tion and reflects the other. Reflectionless metasurfaces
with circular-polarization selectivity require electric, mag-
netic, and magnetoelectric surface properties [4]. The
Jones matrices for left-handed and right-handed symmetric
circular polarizers are [88]

Pl ≡ ej φ

2

(
1 −j
j 1

)
, Pr ≡ ej φ

2

(
1 j

−j 1

)
. (25)

In contrast to the symmetric circular polarizer, an asym-
metric circular polarizer converts one circular polarization
to the orthogonal polarization on transmission. On the
other hand, it reflects the orthogonal polarization. The
Jones matrices of left-handed and right-handed asymmet-
ric circular polarizers are [88]

Al ≡ ej φ

2

(
1 −j

−j −1

)
, Ar ≡ ej φ

2

(
1 j
j −1

)
. (26)

A symmetric circular polarizer is conventionally imple-
mented by placing a 45◦-rotated linear polarizer between
two quarter-wave plates with their slow axes aligned, while
an asymmetric circular polarizer is obtained by placing
a 45◦-rotated polarizer between two quarter-wave plates
with their slow axes orthogonal to each other. Symmetric
and asymmetric circular polarizers can also be imple-
mented with stacked, high-contrast, subwavelength grat-
ings. A compact and integrated realization of a symmetric
circular polarizer is shown in Fig. 4(d).

In addition to transmissive structures, dielectric meta-
surfaces can also operate in reflection, with a target per-
formance given by S11 and S22, describing reflection from
either side of the structure. For example, a metasurface
realizing a reflective half-wave plate from one side and a
reflective quarter-wave plate from the other is depicted in
Fig. 5. The reflective half-wave plate imparts a broadband
180◦ phase difference between orthogonal field compo-
nents in reflection [27]. The reflection matrix of such a
device is given by

Sd
11 = Rh ≡ ej φ

(−1 0
0 1

)
. (27)

It rotates by 90◦ the polarization of an incident wave
linearly polarized along x̂ ± ŷ.

The reflective quarter-wave plate [89] imparts a 90◦
phase difference between orthogonal field components in
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FIG. 5. A reflective metasurface that acts as a half-wave plate from the top side and a reflective quarter-wave plate from the bottom
side. The plots show that linear x- and y-polarized incident waves are highly reflected (R(i)

xx = R(i)
yy ≈ 1) with 180◦ and 90◦ phase

difference (∠R(i)
yy − ∠R(i)

xx ≈ 180◦, 90◦) between orthogonal components of reflected fields when excited from each side.

reflection:

Sd
22 = Rq ≡ ej φ

(
1 0
0 j

)
. (28)

This results in the conversion of an incident wave linearly
polarized along x̂ ± ŷ to a circularly polarized reflected
wave.

A. Broadband polarization conversion

The bandwidth of a multilayer dielectric metasurface
can be increased with additional layers. It can be systemat-
ically increased by optimizing the cost function at multiple
layer thicknesses. The electrical thickness of the layers
can be used as a design variable to tailor the frequency
response. Scaling the electrical thickness of all the layers
is equivalent to shifting the frequency, since the effective
permittivity of a grating is independent of frequency when
the grating period is subwavelength across the operating
bandwidth. Therefore, by scaling the electrical thicknesses
of anisotropic gratings and isotropic spacers (ϕaniso

i , ϕiso
i )

and minimizing the cost function at each thickness, one
can control the spectral response. In design, the number
of layers is gradually increased (1, 2, 3,. . . ) and the cost
function is minimized for each number of layers. Once
the minimum of the cost function is achieved for a certain
number of layers, it is compared with the convergence cri-
terion given by Eq. (22) The design process is terminated
when the convergence criterion is met: the cost function
falls below a given value of ε. For example, a cascaded
structure with eight grating layers can have a broader band-
width than a structure with four layers (Fig. 6). To obtain
a 10% fractional bandwidth, the cost function is optimized
for electrical thicknesses

ϕaniso
i = rϕaniso

i0 , ϕiso
i = rϕiso

i0 , (29)

where

r ∈ [0.95, 1.05]. (30)

The variables ϕiso
0 and ϕaniso

0 are the free-space electrical
thicknesses of the isotropic spacer and the subwavelength
grating at the center frequency. They can be related to
physical thicknesses of the layers by

ϕaniso
0 = k0dg , ϕiso

0 = k0ds, (31)

where k0 is the free-space wave number corresponding
to the center frequency. The variables dg and ds are the
physical thicknesses of the grating and spacer layers.

The variable φ in the Jones matrices [Eqs. (20)–(28)]
represents the total phase delay of the response. It is
the phase difference between the incident and transmit-
ted/reflected waves. The variable φ is independently opti-
mized at each scaled thickness to obtain the optimum
performance.

The technique described can be followed to design
polarization-controlling metasurfaces of different band-
widths. Examples of broadband metasurfaces operating
at millimeter-wave frequencies are shown in Fig. 6. For
example, the symmetric circular polarizers, depicted in
Figs. 6(a) and 6(c), are designed on the basis of alumina
gratings, alumina spacers, and air-filled trenches [91–93]:

εg = εs = 9.7, εt = 1. (32)

Such devices can be manufactured through commercial
ceramic stereolithography processes [91]. Similarly, the
asymmetric circular polarizers, shown in Figs. 6(b) and
6(d), are designed with silicon gratings, silicon spacers,
and air-filled trenches [93,94]:

εg = εs = 11.7, εt = 1. (33)

High-resistivity silicon wafers can be patterned by deep
reactive-ion etching or dicing processes [94], and then
stacked to build these structures.
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(a) (b)

(c) (d)

FIG. 6. Cascaded all-dielectric metasurfaces realizing (a) a narrowband symmetric circular polarizer, (b) a narrowband asymmetric
circular polarizer, (c) a broadband symmetric circular polarizer, and (d) a broadband asymmetric circular polarizer. The plots show
that the bandwidth is increased with additional layers. The total thicknesses of the structures are 1.15λ0 (a), 0.96λ0 (b), 1.62λ0 (c), and
2.02λ0 (d), where λ0 is the wavelength at the center frequency of 75 GHz.

B. Multiband polarization conversion

In addition to broadband frequency responses, the meta-
surfaces consisting of cascaded subwavelength gratings
can be designed to operate across multiple frequency
bands. Multiband structures consisting of silicon gratings
and spacers [Eq. (33)] are shown in Fig. 7. Dual-band

symmetric and asymmetric circular polarizers operating
at 70 and 80 GHz are shown in Figs. 7(a) and 7(b).
These dual-band metasurfaces are designed by scaling the
thickness of the layers at 75 GHz by the factors

r1 = 70
75

, r2 = 80
75

(34)

(a) (b)

(c) (d)

FIG. 7. Cascaded subwavelength grating metasurfaces realizing (a) a dual-band (70- and 80-GHz) symmetric circular polarizer, (b) a
dual-band asymmetric circular polarizer, (c) a dual-band symmetric linear polarizer, and (d) a dual-band asymmetric linear polarizer.
The gratings and spacers are assumed to be made of silicon and the trenches are assumed to be filled with air.
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(a)

(c)

(d)

(b)

Rh Rh

FIG. 8. Cascaded all-dielectric metasurfaces realizing (a) a dual-function symmetric and asymmetric left-handed circular polarizer,
(b) a dual-function right-handed and left-handed symmetric circular polarizers, (c) a dual-function reflective half-wave plate and right-
handed symmetric circular polarizer, and (d) a triple-function asymmetric y linear polarizer (plot in a linear basis), a right-handed
symmetric circular polarizer, and a left-handed asymmetric circular polarizer (plot in a circular basis).

and then minimizing their associated cost function at the
scaled thicknesses.

The dual-band symmetric and asymmetric x-polarized
linear polarizers, operating over wider bandwidths, [Fig.
7(d)], are designed by minimizing the cost function at
thicknesses scaled by the factors

r1 = 65
75

, r2 = 70
75

, r3 = 80
75

, r4 = 85
75

. (35)

Again, 75 GHz is the frequency at which the electri-
cal thicknesses are converted to physical thicknesses with
Eq. (31).

Triple-band and quad-band structures can also be
designed with this same approach. For example, a triple-
band response operating at 60, 75, and 80 GHz can be
obtained by minimizing the associated cost function at

thicknesses scaled by the factors

r1 = 60
75

, r2 = 75
75

, r3 = 80
75

. (36)

In summary, multiband metasurfaces can be designed to
realize different lossless reciprocal polarization transfor-
mations at arbitrary frequency bands with the approach
described.

C. Multifunctional polarization conversion

In multifunctional polarization conversion, a range of
polarization transformations are distributed over multiple
frequency bands. Multifunctional metasurfaces are shown
in Fig. 8. In Fig. 8(a), a dual-band, dual-function meta-
surface that functions as a left-handed symmetric circular
polarizer for one band and a left-handed asymmetric circu-
lar polarizer at a higher band is shown. As before, we scale
the electrical thicknesses of the component layers by the

054066-9



AMIN RANJBAR and ANTHONY GRBIC PHYS. REV. APPLIED 11, 054066 (2019)

FIG. 9. Comparison between full-wave simulation and analytical computation. The quad-functional metasurface is designed to
perform symmetric and asymmetric x and y linear polarizers at 60, 70, 80, and 90 GHz.

ratios of the operating frequencies. Therefore, the electrical
thicknesses of the constitutive layers are scaled by the fac-
tor r1 = 70/75, and |S21 − Pl| is evaluated at the scaled
thickness. Simultaneously, the electrical thicknesses are
scaled by r2 = 80/75, and |S21 − Al| is computed. Then
the cost function,

|S21 − Pl|r=r1 + |S21 − Al|r=r2, (37)

is minimized to achieve a symmetric left-handed circular
polarizer (Pl) operating at 70 GHz and an asymmetric left-
handed circular polarizer (Al) operating at 80 GHz.

The dual-function metasurface, shown in Fig. 8(b),
realizes a right-handed symmetric circular polarizer at a
lower band (70 GHz) and a left-handed symmetric cir-
cular polarizer at a higher band (80 GHz). It is designed
by scaling the thicknesses by the factors r1 = 70/75 and

(a)

(b)

FIG. 10. Dual-function metasurfaces realizing (a) x and y symmetric linear polarizers and (b) symmetric and asymmetric x linear
polarizers at lower and upper bands. The cascaded metasurfaces show a robust performance under different illumination angles. The
wave impinges the metasurfaces in the x-z (φ = 0◦) and y-z (φ = 90◦) planes at θ = 45◦.
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(a)

(b)

FIG. 11. (a) Dual-function responses at arbitrary frequency bands with different bandwidths. The performance of the dual-function
left-handed and right-handed symmetric circular polarizer is changed from that of a right-handed symmetric circular polarizer to that
of a left-handed symmetric circular polarizer over a 2% change in frequency. (b) Quad-functional metasurface that realizes symmetric
and asymmetric right-handed and left-handed circular polarizers in different orders.

r2 = 80/75, and evaluating |S21 − Pr| and |S21 − Pl|
at the respective thicknesses, and minimizing the cost
function,

|S21 − Pr|r=r1 + |S21 − Pl|r=r2 . (38)

Multifunctional responses can operate both in reflection
and in transmission. A metasurface realizing a reflective
half-wave plate and a transmissive right-handed circu-
lar polarizer [Fig. 8(c)] is obtained by scaling the elec-
trical thicknesses by r1 = 70/75 and r2 = 80/75, then
minimizing |S11 − Rh| and |S21 − Pr| at each thickness,
respectively.

Multifunctional metasurfaces can also realize linear
and circular polarizers at different bands. Figure 8(d),
shows a triple-function response realizing an asymmetric
y-polarized linear polarizer, a right-handed circular polar-
izer, and a left-handed asymmetric circular polarizer at 65,
75, and 85 GHz, respectively. In Fig. 8(d), the performance
is depicted in both a linear basis and a circular basis.

A multifunctional structure that includes x and y-
polarized linear, symmetric and asymmetric polarizer
responses over four frequency bands is shown in Fig.
9. The numerically computed and analytical frequency
responses of the cascaded structure are shown. The ana-
lytical response is computed for normally incident waves

by scaling [Eq. (29)] the electrical thicknesses over the fre-
quency range of interest and calculating the S matrix from
Eq. (17). In Fig. 9, the analytical performance of the meta-
surface, from 50 to 100 GHz, is computed by sweeping r
over the range

[50/75, 100/75], (39)

and then computing the transmission matrices at the scaled
thicknesses. As shown in Fig. 9, there is close agree-
ment between the full-wave and analytical performances
when the gratings are deeply subwavelength. Discrepan-
cies appear as the period of the grating layers becomes
larger and the gratings can no longer be approximated as
uniaxial slabs. The high aspect ratio of the gratings used
can be mitigated by increasing the periodicity and using a
more-exact model for the effective permittivities and elec-
trical thicknesses of the gratings as a uniaxial slab [81,82,
85]. This would require a more-computationally-intensive
optimization process.

Metasurfaces composed of cascaded gratings have a
robust angular performance despite their wavelength-sized
thickness. In Fig. 10(a), a dual-function symmetric x and
y-polarized linear polarizer is studied under different exci-
tation angles. Its frequency response is robust for angles
of incidence θ up to 45◦ in the x-z and y-z planes. Sim-
ilarly, the response of the symmetric and asymmetric x
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linear polarizer is depicted in Fig. 10(b). The angular
performance shown in Fig. 10 is computed by full-wave
simulation. Analytical techniques can also be used to find
the angular performance [95], but this is beyond the scope
of this work.

Figure 11(a) shows that a dual-function right-handed
and left-handed symmetric circular polarizer can be
designed with a 2% separation between frequencies.
Figure 11(b) shows that four different scattering func-
tions can be arranged in an arbitrary order with respect to
frequency. In Fig. 11, analytical frequency responses are
presented. The full-wave simulations are not shown given
the close agreement between full-wave simulation and ana-
lytical computation (Fig. 9) when the grating layers are
deeply subwavelength. The corresponding structures are
also not presented given that similar topologies are used.
Symmetric and asymmetric left-handed and right-handed
circular polarizers are chosen; however, these findings are
applicable to many other scattering performances.

V. CONCLUSION

In this work, cascaded all-dielectric metasurfaces are
investigated. The metasurfaces consist of stacked, high-
contrast, subwavelength gratings with varied crystal axes.
A systematic approach to their design is discussed. A
variety of polarization-transforming designs are reported.
Multiband and multifunctional polarization control using
such metasurfaces is also introduced. The reported struc-
tures and design approach will find application in the real-
ization of compact, low-loss, broadband, multiband, and
multifunctional polarization-controlling and frequency-
filtering optical and quasioptical devices. In future work,
these structures will be experimentally demonstrated by
various fabrication processes.
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