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A simple but efficient approach for the synthesis of transmission-type wideband polarization
converters is presented. The proposed configuration comprises multilayer metasurfaces including
dipole particles which are progressively rotated layer by layer. The progressive rotation of the
particles allows for an efficient polarization conversion over a large frequency band. The polarizing
structure is efficiently designed and optimized through a transmission line model approach handling
the cascade of anisotropic impedance layers and dielectrics. An optimized 8-layers design based on
gradually rotated dipole resonators is presented as a proof of concept. The results obtained through
the efficient transmission line model are compared with full-wave simulations once that the structure
was optimized showing satisfactory agreement. A prototype of the wideband polarization converter
has been fabricated and measured.

INTRODUCTION

The ability to manipulate the polarization state of elec-
tromagnetic waves is of vital importance in a wide range
of applications spanning from microwave to optics. Com-
mon applications at microwave frequencies are related to
communications antennas or microwave devices such as
circulator and isolators. Several optical devices are also
based on polarizing surfaces. Some examples are optical
sensing, photography and devices relying on light ma-
nipulation. The control of the polarization of the light
can be accomplished with both reflecting or transmit-
ting polarizers. Reflection only polarization converters
[1, 2], are simpler to design with respect to transmission
type ones since the amplitude control is guaranteed by
the presence of a ground plane which guarantees total
reflection. In transmission type polarization converters
[3–5], the simultaneous control of both amplitude and
phase is required. In practical applications, broadband
performance and angular stability over a wide range are
required [6]. Conventional approaches for the manip-
ulation of the state of light at optical frequencies rely
on quarter or half wave-plates [7, 8], which are made
of birefringent materials composed of crystalline solids
and liquid crystals. However, the inherent disadvantages
in terms of size, collimation, and bandwidth [9, 10] of
these configurations prevent their miniaturization and in-
tegration of optical system. In the microwave region, a
popular structure employed for converting linear polar-
ized wave into circular polarized ones is based on the so
called Pierrot unit cell [11, 12]. The Pierrot unit cell is
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composed of two orthogonal monopoles connected by a
vertical quarter-wavelength segment. Depending on the
orientation of monopoles, the resonant element can act
as a left-hand circular-polarization (LHCP) or right-hand
circular-polarization (RHCP) selective surface. An im-
proved version of the Pierrot cell employs two closely-
helices [13–15]. However, the evident drawback of these
devices is that they are three-dimensional structures and
require advanced fabrication techniques which forbids
their implementation in integrated systems.

A more attractive solution for designing transmission
polarization converters is the use of multilayer metasur-
faces without three-dimensional features [16]. Several ex-
amples of polarization converters based on Frequency Se-
lective Surfaces (FSS) and metasurfaces have been pro-
posed in the literature [3–5, 17–29]. Some of the available
configurations are designed at a single frequency [3–5, 17–
23]. On the other hand, other configurations available in
the literature are instead capable of converting the po-
larization over a broad frequency band [5, 24–29]. Often,
unconvetional shapes are employed relying on the expe-
rience of the designer [5, 25, 28, 29]. A systematic design
procedure for the synthesis of the multilayer configura-
tion of the polarization converter is not available in the
literature.

This work presents a general design framework of
transmission-type polarization converters. The polariza-
tion converter comprises multilayer metasurfaces with an
anisotropic element gradually rotated layer by layer. The
optimization of the structure is based on an analytical
Transmission Line (TL) model to compute the trans-
mission and reflection response of multilayer metasurface
comprising anisotropic elements. The optimized design
is obtained by controlling the number of layers, the rota-
tion factor and the thickness of each layer, as well as all
the electrical parameters involved in the design.
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I. POLARIZATION CONVERTER
CONFIGURATIONS

Let us consider an electromagnetic (EM) plane wave
propagating along the z-axis in a Cartesian coordinate
system and a polarizing surface located on the orthogonal
xy-plane. In general, the EM field of the impinging wave
can be polarized both in x or y direction:

Einc = Exix + Eyiy (1)

Considering as τ a tensor representing the transmission
properties of the material:

τ =

[
τxx τxy

τyx τyy

]
(2)

the EM field transmitted by the polarizing surface can
be expressed as follow:

Et = τ Einc = (Exτxx + Eyτxy)ix + (Eyτyy + Exτyx)iy (3)

To convert the polarization of the impinging EM field,
two different configuration are possible: symmetric and
asymmetric polarization converter.

A. Symmetric polarization converters

Let us consider a plane wave propagating toward z di-
rection and illuminating the polarization converter with
an electric field E0 with ϕ = 45◦. In such a way Ex and
Ey component of the impinging wave have the same am-

plitude: Einc = (E0cos(45◦)ix + E0sin(45◦)iy . If the x
and y components of the impinging field have the same
amplitude, the polarization conversion can be obtained
by imposing the the following conditions in the polariser
tensor: 

|τxx| = |τyy| = 1

|τxy| = |τyx| = 0

∠(τxx − τyy) = 180◦
(4)

If the condition in (4) are verified, the transmission τ
matrix will have the following form:

τ =

[
1 0

0 −1

]
(5)

Thus the transmitted field will be ideally converted
into cross-polar component with a transmitted field vec-
tor rotated by 90◦:

Et = Exix − Eyiy (6)

In order to design a polarization converter based on
this mechanism, the amplitudes of the x and y compo-
nents of the transmission coefficient have to be close to

unity in order to avoid losses and the phases should ex-
hibit an offset of 180◦ for the frequency range where the
polarization rotation has to be accomplished.

The polarization rotation can be also demonstrated by
operating a coordinate rotation of ϕ = 45◦. In this way,
the axes of the rotated coordinate system (x′, y′) coin-
cide with the direction of the impinging electric field. In
this new coordinated system, the impinging electric field
will be entirely polarized along x′ (Einc = E0 i

′
x) and the

transmitted field can be computed by multiplying the
impinging field by the transmission matrix represented
on this new coordinate system. The new transmission
matrix is computed by applying a rotation transforma-
tion to the original transmission matrix τ defined in the
xy-plane:

τ ′ = R(ϕ = 45◦)
−1
τ R(ϕ = 45◦) =

[
0 1

1 0

]
(7)

where:

R(ϕ) =

[
cos(ϕ) −sin(ϕ)
sin(ϕ) cos(ϕ)

]
(8)

In the new coordinate system, the only non-zero ele-
ments are the off-diagonal ones that are both equal to 1.
This means that the polarization converting structure is
symmetric (both the fields polarized along x′ and y′ are
entirely converted into the opposite polarization. The
transmission matrix for a backward propagation, called
τ b can be easily obtained after a rotation of 180◦, with
respect to the x-axis, of the original matrix τ .

B. Asymmetric polarization converter

Let us consider to illuminate the the polarization con-
verting structure, located in the xy coordinate system,
with a field E0 polarized along x direction, Einc = E0ix,
(or along y direction) and impose the following conditions
in the transmission matrix tensor:


|τxx| = |τyy| = 0

|τyx| = 1 || |τxy| = 1

|τyx| = 0 || |τxy| = 0

(9)

The amplitudes of the co-polar components of the
transmission coefficient have to be close to zero and the
amplitude of one of the two cross-polarized transmission
coefficients close to 1. No conditions about the phases
have to be imposed. The maximization of |τyx| as well
as the minimization of |τxy| can be obtained with chi-
ral geometries [30]. This polarization converter topology
can be classified as asymmetric linear polarizer [31–35].
Indeed, the structure exhibits selective transmission and
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rotation for a specific linear polarization and the unde-
sired polarization is completely reflected. If the structure
is analysed from the opposite side, it exhibits polariza-
tion conversion properties for the opposite polarization
preserving the passivity condition.

II. DESIGN APPROACH

In order to synthesize a wideband polarization con-
verter, the conditions provided in the previous section
must be met for several frequencies simultaneously. The
verification of the conditions needed with the first ap-
proach, symmetric case, over a large frequency band is
difficult to obtain since both amplitude and phase con-
straint should be satisfied [28]. Indeed, a typical ap-
proach is to impose the required conditions at one sin-
gle frequency [31] and subsequently, verify if the con-
version properties are maintained over other frequencies.
Some particular design configurations available in the
literature are often obtained with a trial and error ap-
proach. A general and simple design approach for de-
signing transmission-type polarization converters is not
available in the literature. To this aim, a fast simulation
tool is needed to avoid a blind and not efficient opti-
mization procedure based on a full-wave electromagnetic
solver.

The strategy presented in this work is based on a of
multiple metasurface layers comprising anisotropic unit
elements. The shape of the element can be arbitrary,
provided that an equivalent circuit representation of the
element is available. The element is partially and gradu-
ally rotated layer by layer with an angle ϕ. This design
approach leads to so called asymmetric configurations as
previously defined. The adopted design strategy is gen-
eral and the analysis can be efficiently performed via an
efficient transmission line (TL) model approach. The TL
model, differently from a full-wave simulation based on
electromagnetic solvers, allows for a very fast optimiza-
tion of the multilayer structure. This approach provides
accurate results if the distance between consecutive lay-
ers is large enough to avoid the interaction of the high
order Floquet modes with nearby periodic surfaces. The
condition is satisfied if the distance between the layers
is larger than one third of the periodicity of the peri-
odic layers [36]. Fig. 1 reports a three-dimensional lay-
out of the multilayer structure and the partial rotation
method for generic anisotropic particles. The equivalent
TL model used to solve the EM problem is reported in
Fig. 2. The block diagram of the optimization proce-
dure performed to synthesize the wideband polarization
converter is shown in Fig. 3(a).

The analysis is performed by testing all the possible
configurations according to the selected variation of the
parameters in a certain interval decided by the designer.
In order to perform the analysis, five parameters are se-
lected: number of layers, unit cell topology, rotation an-
gle, spacer thickness, spacer permittivity. Each parame-
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FIG. 1. Layout of the polarization converter
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FIG. 2. Equivalent circuit of the polarization converter

ter can assume a certain number of values within a range
chosen by the designer. Subsequently, all the possible so-
lutions are: Nconf = Nlayers×Ncells×Nrot×Nthick×Ndk
where Nlayers, Ncells, Nrot, Nthick, Ndk are the number
of values in each range of the selected parameters. Dur-
ing the analysis, a fitness function is computed for all
the solutions and the best one is finally selected at the
end of the process. All the solutions can be analysed
since the analysis method based on ABCD is very fast.
The fitness function is the percentage bandwidth of the
crosspolar transmission coefficient τTE−TM above a cer-
tain threshold α (BWα). Once that the analysis of the
solutions set has been carried out, the goodness of the
solutions is evaluated with a plot highlighting both the
benefit (BWα) and the cost (total thickness T of the
structure) for each solution as shown in Fig. 3(b). The
variation range of each variable is reported in Table I.
The number of configurations analyzed in this example is
Nconf = 2000. The computation time for the analysis of
the 2000 solutions is roughly 15 minutes. The five best
solutions are highlighted in grey color and reported in
Fig. 3(c) and the selected design has been marked with
a star in both figures. The parameters of the five best
solutions are reported in Table II. The selected solution,
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FIG. 3. (a) Block diagram of the optimization procedure; (b)
analysed solutions; (c) transmission crosspolar coefficient of
the best five solutions.

which is identified with a star in Table II, is the best com-
promise between the total thickness and the percentage
bandwidth among the analyzed ones. In the optimiza-
tion process α has been set to −0.4 dB. The proposed
procedure is general and the number of analyzed solu-
tion could be also increased by preserving a reasonable
computation time.
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��
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FIG. 4. Analyzed unit cells: (a) short dipole, (b) dipole,
(c) short-loaded dipole, (d) loaded dipole. In (c), the princi-
pal (x, y) and rotated (x′, y′) Cartesian reference systems are
shown.

TABLE I. Parameters used for the analysis reported in
Fig. 3(b).

Parameter Range Number of values
spacer thickness [1, 5] mm Nthick = 5

εr [1, 5] Ndk = 5
rotation angle [9◦, 18◦] Nrot = 4

number of layers [4, 8] Nlayers = 5
unit cell topology Fig. 4(a)-(d) Ncells = 4

TABLE II. Parameters of the best five solutions highlighted
in grey in Fig. 3(b).

Sol. idx Cell εr ϕ(
◦) Layers BWα(%) T (mm)

[1313] Fig. 4(c) 1 15 6 50.28 20
[610]? Fig. 4(b) 1 12 8 49.94 14
[1110] Fig. 4(c) 1 12 8 48.12 14
[1210] Fig. 4(c) 1 12 8 46.87 15
[1213] Fig. 4(c) 1 15 6 46.03 15

III. ANALYSIS METHOD

As previously pointed out, the analysis of the cascaded
anisotropic metasurfaces relies on a transmission line
model in which the metasurface is represented through
a shunt impedance [37]. The impedance matrix of the
metasurface element as a function of frequency can be
derived after a full-wave simulation for a specific azimuth
angle. The metasurface impedance relates the tangential
components of the electric and magnetic fields according
to the following expression:

[
Ex

Ey

]
=

[
Zxx Zxy

Zyx Zyy

][
−Hy

Hx

]
(10)

Although there are cases in which Zxy and Zyx are
equal to zero, in general for anisotropic metasurface
Zxy = Zyx 6= 0. An equivalent circuit representation
of the anisotropic metasurface can be computed if the
off-diagonal terms of the matrix Z are equal to zero. In
case of anisotropic geometry of the element, it is pos-
sible to rotate the metasurface element on the crystal
axis where these terms are equal to zero [38, 39]. There-
fore, each FSS can be characterized with five parameters:
(Lx, Ly, Cx, Cy, ϕ

χ) [40]. Once computed the impedance
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matrix on the crystal axis, the impedance matrix at the
generic angle of incidence (ϕ) can be computed as follow:

Z(ϕ) = RTZχR (11)

where Zχ is the approximate impedance calculated on
the crystal axis ((θ = 0◦, ϕ = ϕχ)) and R is the rotation
matrix:

R =

[
cos(−ϕrot) − sin(−ϕrot)
sin(−ϕrot) cos(−ϕrot)

]
(12)

where:

ϕrot = ϕ− ϕχ (13)

Once the impedance matrix of each element is com-
puted, the reflection and transmission coefficients of

a multilayer structure comprising dielectric layers and
generically rotated FSS elements can be computed ac-
cording to transfer matrix (ABCD) approach [5]. Since
the metasurface is anisotropic, the problem cannot be
simply decomposed along x and y axes since TE and TM
modes are coupled in general [41]. Indeed, when a generic
azimuth angle of incidence is considered, it is more con-
venient to express the reflection and transmission coeffi-
cients in terms of TE and TM modes. The electric field
for TM polarization is aligned with the plane of inci-
dence ϕ, that is x -axis if ϕ = 0◦. The electric field for
TE polarization is aligned with the normal to the plane
of incidence, that is y-axis if ϕ = 0◦. For this reason,
the metasurface impedance must be treated as a matrix.
The full scattering matrix, both for both TE and TM
polarization, can be derived as:

[
STE/TM
11

STE/TM
21

STE/TM
12

STE/TM
22

]
=


−I

Bn

ζ
TE/TM
0

+A

n

ζ
TE/TM
0

Dn

ζ
TE/TM
0

+ C


−1 

I
Bn

ζ
TE/TM
0

−A

n

ζ
TE/TM
0

Dn

ζ
TE/TM
0

− C

 (14)

where I =

[
1 0
0 1

]
is the identity matrix and n =[

0 −1
1 0

]
is the 90◦ rotation matrix. The terms of the

ABCD matrix of the cascade system is computed as fol-
low:

[
A B
C D

]
= M

1
M

2
M

3
...M

i
(15)

where M
i

represents the ABCD matrix of the ith layer.
The ABCD representation of the layer depends on the
type of layer. It can be a metasurface (MTS) or a dielec-
tric (diel):

MMTS

i
=

[
I 0

n Y
i
I

]
(16)

where Y
i

is the admittance matrix (Y
i

= Z−1
i

),

Mdiel

i
=

 cos (kzidi) I −j sin (kzidi) ζ
TE/TM
i n

−j sin (kzidi)

ζ
TE/TM
i

n cos (kzidi) I

 (17)

ζ
TE/TM
0 and ζ

TE/TM
i represents the impedances of the

equivalent transmission line for free space and for the ith

dielectric medium, respectively. The impedance for TE
and TM incidence read:

ζTEi =
ωµ0µi
kzi

, ζTMi =
kzi
ωε0εi

(18)

where kzi represents the propagation constant along
the normal direction inside the ith dielectric medium
kzi =

√
k0εiµi

2 − kt2, with kt = k0sin(θ). ε0 and µ0

represent the dielectric permittivity and the magnetic
permeability of free space whereas εi and µi represent
the relative dielectric permittivity and the relative mag-
netic permeability of the ith dielectric medium.

The ABCD formulation can be adopted also for com-
puting the oblique incidence behaviour of the polariza-
tion converted. However, we have implicitly assumed
that no angular variation (spatial dispersion) of the meta-
surface impedance is considered by the model. On the
contrary, the spatially dispersive effects of the spacers are
taken into account. An important rule of thumb regard-
ing the application of the transmission line model is that
the distance between the metasurfaces needs to be suffi-
ciently large. In order to avoid the effects of high order
Floquet modes, the distance between FSS layers has to
be maintained above D/3, where D is the FSS periodicity
[36].
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IV. NUMERICAL RESULTS

The polarization converter optimization has been car-
ried out by considering both capacitive and inductive
FSS. Among the available elements geometries, e.g.
dipole, Z dipole, slot dipole, Z slot dipole, the best per-
formance has been obtained by using 8 layers of progres-
sively rotated dipoles. The dipoles are gradually rotated
by an angle of 12◦ and are separated by 2 mm of air. The
dipole element is characterized by a periodicity D = 10
mm towards both planar directions. The length of the
dipole L = 8.75 mm and its width W = 1.25 mm. The
performance of the structure optimized by using the an-
alytical ABCD formulation have been verified by using
a full-wave electromagnetic simulation by using Ansys
Electronics as shown in Fig. 7 . The ABCD formulation
has been applied with the impedance matrix numerically
extracted from the simulation of the freestanding FSS
(the curve is identified as TL). The impedance behaviour
of the dipole metasurface for the first two layers is re-
ported in Fig. 5. The impedance behaviour of the dipole
metasurface for the third and forth layer are reported in
Fig. 6. It can be observed that the impedance of the
first layer is diagonal since the element is aligned with
its crystal axis. As the rotation is applied, the resonance
frequency of the xx-term of the impedance moves pro-
gressively towards higher frequency showing a capacitive
impedance inside the polarization conversion frequency
band. In the same time, the off-diagonal terms of the
impedance matrix start having a non-negligible positive
imaginary part. For the case of the analysed dipole topol-
ogy, the impedance of the rotated elements inside the
square lattice it is comparable to the impedance of the
rotated screen thus justifying the setup employed for the
EM simulation. The Fig. 8 reports the cross-polar reflec-
tion coefficient for the optimized polarization converter.
In Fig. 8(a), the transmission conversion from TE polar-
ization to TM polarization is reported whereas Fig. 8(b)
reports the transmission conversion from TM polariza-
tion to TE polarization. As evident, the behaviour of
the polarization converted is asymmetric as only the TE
polarized fields are converted into the other polarization
while the TM polarized ones are reflected. By looking
at the impedances of the metasurface layers in Fig. 5
and in Fig. 6, it is evident as the the y-component of
the metasurface, which interferes with the TE fields, is
largely capacitive and thus low reflecting while the x-
component, which interferes with TM fields, is resonant
and thus reflective around 18 GHz. For this reason, the
TE fields are transmitted and gradually rotated by the
polarization converter whereas the TM fields are strongly
reflected by the first layer or the other elements of the
metallic surface. To confirm the asymmetric behaviour
of the polarization converter, both the surface currents
and the electric fields on the unit cell of the multilayer
polarization converter at 18 GHz are shown in Fig. 7.
The field distributions have been obtained with a full-
wave electromagnetic simulation. It is evident that when

the multilayer structure is excited with TE polarization,
the field goes through the multilayer structure and it is
transformed into TM polarized field. On the contrary,
when the structure is excited with TM polarization, the
field is completely reflected by the first layer of the multi-
layer structure. The co-polar transmission and reflection
coefficients are reported In Fig. 9. The reflection coeffi-
cient is low for the co-polar component TE-TE while a
large reflection is achieved for other co-polar component
TM-TM. The co-polar transmission coefficients are low
for both TE-TE and TM-TM components. The perfor-
mance of the polarization converter at oblique incidence
is shown in Fig. 10. The solution [610] with the dipole
unit cell is characterized by a cell periodicity of 10 mm
and it operates polarization conversion up-to 25 GHz at
normal incidence. Therefore, as the incidence angle in-
creases, the high order harmonics start propagating in-
side the operative band of the polarization converter lead-
ing to a bandwidth reduction. We report in Fig. 10 also
the performance of the solution [1110] with the loaded
dipole shown in Fig. 4(c) which is characterized by a sim-
ilar percentage bandwidth at normal incidence. Also the
solution [1110] is characterized by a cell periodicity of 10
mm but its operative bandwidth starts at lower frequen-
cies thus leading to a more compact solution in terms of
periodicity over wavelength. For this reason, the perfor-
mance of the solution [1110] are better than the solution
[610] at oblique incidence. The percentage bandwidth,
BWα(%) (α = −1), of the two solutions as a function of
the incidence angle are summarized in Table III. How-
ever, it is worth to point out that the performance of
the polarization converter presented in the paper are not
optimized for oblique incidence.

TABLE III. Percentage bandwidth,BWα(%), of the solutions
[610] and [1110] as a function of the incidence angle θ.

Sol. idx θ = 0◦ θ = 15◦ θ = 30◦

[610] 53.3% 43.7% 21.73%

[1110] 55.7% 54.3% 44.0%

V. MEASURED RESULTS

A prototype of the 8-layers polarization converter has
been fabricated and measured. The 8 layers have been
manufactured on a thin Kapton (35 µm) substrate with
a standard photo-lithographic technology. The 8 meta-
surfaces comprising the polarization converter and the as-
sembled prototype are shown in Fig. 11(a). The metasur-
faces have been assembled by separating the layers with
2 mm spacer realized with Rohacell. The planar dimen-
sions of the sample are 13 cm × 13 cm. The total thick-
ness is equal to 14 mm. Two dual-polarized wideband
horn antennas (Flann DP280) are used to interrogate the
sample and to receive the cross-polar transmitted field on
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FIG. 5. <{Z} and ={Z} as a function of the frequency for
the first and second layer. The matrix Z is represented on

Cartesian axes (x, y) and (x′, y′) where the latter is the ro-
tated reference system. The direction of the impinging electric
field is (θ = 0◦). The FSS is interrogated with two different
azimuth angles (ϕ = 0◦, 12◦); (a) Zxx/x′x′ , (b) Zxy/x′y′ , (c)
Zyx/y′x′ ,(d) Zyy/y′y′ . The FSS unit cell is the dipole shown
in Fig. 4(b) with a periodicity of D = 10 mm a length of
L = 8.75 mm and a width W = 1.25 mm.
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FIG. 6. <{Z} and ={Z} as a function of the frequency for the
third and forth layer. The matrix Z is represented on Carte-

sian axes (x, y) and (x′, y′) where the latter is the rotated
reference system. The direction of the impinging electric field
is (θ = 0◦). The FSS is interrogated with two different az-
imuth angles (ϕ = 24◦, 36◦); (a) Zxx/x′x′ , (b) Zxy/x′y′ , (c)
Zyx/y′x′ ,(d) Zyy/y′y′ . The FSS unit cell is the dipole shown
in Fig. 4(b) with a periodicity of D = 10 mm a length of
L = 8.75 mm and a width W = 1.25 mm.
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FIG. 7. Surface currents and electric fields in the unit cell of
the multilayer polarization converter (a) TM excitation , (b)
TE excitation

10 20 30

Frequency (GHz)

-40

-30

-20

-10

0

T
E

-T
M

 (
d

B
)

HFSS

TL

(a)

10 20 30

Frequency (GHz)

-40

-30

-20

-10

0

T
M

-T
E

 (
d

B
)

HFSS

TL

(b)

FIG. 8. Performance of the multilayer optimized polarization
converter. The optimized configuration comprises 8 layers
spaced by a 2 mm air spacer. (a) τTETM , (b) τTMTE .
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FIG. 9. Performance of the multilayer optimized polarization
converter. The optimized configuration comprises 8 layers
spaced by a 2 mm air spacer. (a) ΓTETE , (b) ΓTMTM , (c)
τTETE ,(d) τTMTM .
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FIG. 10. Performance of the polarization converters as a func-
tion of the incidence angle: (a) sol. [610], (b) sol. [1110]. The
simulations have been performed with Ansys Electronics.

the other side of the sample. The gain of the reference
antenna is approximately 8 dBi at 2 GHz and it increases
up to 13.3 dBi at 8 GHz. An Agilent E5071C vector net-
work analyser is employed to measure the scattering pa-
rameters. Measurements have been performed in the fre-
quency domain. The two wideband horn antennas have
been placed at distance of 1 m. The measuring setup
is shown in Fig. 11(a). Initially, the transmitted field
level is measured without the polarization converter with
the antennas fed with the same polarization. The align-
ment has been performed by looking at the maximum re-
ceived power with co-polar component. This value repre-
sents the reference field, that is, the maximum receivable
electric field. Once performed the alignment of the an-
tennas, an electromagnetic transparent polystyrene sam-
ple holder has been interposed between the antennas.
After this calibration measurement, the polarization of
the receiving antenna is switched from vertical to hori-
zontal and much lower level of field is clearly received.
When the polarization converter is placed between the
antennas, the received field level is restored to the ref-
erence values within the polarization converting band.
In particular, the measured value (in decibel) is sub-
tracted from the reference value to obtain the normalized
curve. The measured polarization conversion is shown in
Fig. 11(b) where the simulated cross-polar transmission
coefficient obtained from full-wave simulations is also re-
ported. Even if the sample size covers only the -3dB
beamwidth of the horn antenna, the agreement between
measurements and simulations is excellent.

VI. CONCLUSION

A systematic methodology for the design of
transmission-type polarization converters has been
presented. A wideband polarization converted is synthe-
sized by progressively rotating an anisotropic element.
The cross-polarized transmitted field is analytically
computed by employing an ABCD matrix formulation
for multilayer anisotropic surfaces. The impedance ma-
trix for each metasurface layer is computed by resorting
to a spectral rotation. The polarization converting
surface has been optimized through an iterative method

(a)

5 10 15 20 25 30

Frequency (GHz)

-60

-40

-20

0

 (
d

B
)
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FIG. 11. (a) Pictures of the fabricated surfaces and of as-
sembled prototype. (b) Measured cross-polar transmission
coefficient for a wideband polarization converter comprising
8-layers of gradually rotated dipoles. The dipole length is
equal to 8.75 mm and its width is 1.25 mm. The dipole rota-
tion angle layer by layer is ϕ = 12◦.

and the results have been verified by using full-wave
electromagnetic simulations. The multilayer structure
has been fabricated. The performance experimentally
measured shows an excellent agreement with respect to
expected results.

Appendix A: Crystal axis of a metasurface

Being the metasurface a passive system, it is possible
to demonstrate through the Spectral theorem that its
transmission coefficient matrix is diagonal:

R−1τ R = D (A1)

with R defined as:

R =

[
cos(−ϕrot) − sin(−ϕrot)
sin(−ϕrot) cos(−ϕrot)

]
(A2)

It is convenient to write the rotation matrix R as a
function of the real parameter m:

R =
1√

1 +m2

[
1 −m

m 1

]
(A3)

It is worth noticing that the parametric form of R re-
ported in equation (A3) exhibits the typical properties of
the rotation matrix:

RTR = I and det(R) = 1 (A4)

Using relations (A3) and (A4) the following equation is
obtained:

R−1τ R = RT τ R = D (A5)

Imposing that D is diagonal, the following relation is
obtained:

τxy −mτxx +mτyy −m2 τxy = 0 (A6)
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From equation (A6), the parameter m can be calculated:

m =
τyy ± τxx +

√
(τyy − τxx)

2
+ 4τ2yx

2τyx
(A7)

Finally, the rotation angle can be calculated as follows:

ϕrot = arcsin

(
m√

1 +m2

)
(A8)
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A. Tünnermann, T. Pertsch, and F. Lederer, Asymmetric
transmission of linearly polarized light at optical meta-
materials, Physical review letters 104, 253902 (2010).

[34] M. Mutlu, A. E. Akosman, A. E. Serebryannikov, and
E. Ozbay, Diodelike asymmetric transmission of linearly
polarized waves using magnetoelectric coupling and elec-
tromagnetic wave tunneling, Physical review letters 108,
213905 (2012).

[35] C. Huang, Y. Feng, J. Zhao, Z. Wang, and T. Jiang,
Asymmetric electromagnetic wave transmission of linear
polarization via polarization conversion through chiral
metamaterial structures, Physical Review B 85, 195131
(2012).

[36] F. Costa, A. Monorchio, and G. Manara, Efficient analy-
sis of frequency-selective surfaces by a simple equivalent-
circuit model, IEEE Antennas and Propagation Maga-

zine 54, 35 (2012).
[37] V. S. Asadchy, I. A. Faniayeu, Y. Ra’Di, S. Khakhomov,

I. Semchenko, and S. Tretyakov, Broadband reflectionless
metasheets: frequency-selective transmission and perfect
absorption, Physical Review X 5, 031005 (2015).

[38] A. M. Patel and A. Grbic, Effective surface impedance of
a printed-circuit tensor impedance surface (pctis), IEEE
Transactions on Microwave Theory and Techniques 61,
1403 (2013).

[39] M. Selvanayagam and G. V. Eleftheriades, Polarization
control using tensor huygens surfaces, IEEE Transactions
on Antennas and Propagation 62, 6155 (2014).

[40] M. Borgese and F. Costa, A simple equivalent circuit ap-
proach for anisotropic frequency selective surfaces, IEEE
Transactions on Antennas and Propagation –, (accepted
for publication).

[41] S. Maci, M. Caiazzo, A. Cucini, and M. Casaletti, A
pole-zero matching method for ebg surfaces composed
of a dipole fss printed on a grounded dielectric slab,
IEEE Transactions on Antennas and Propagation 53, 70
(2005).


