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ABSTRACT A single metal layer, multifunctional frequency selective surface with a very simple pattern of
the unit cell, containing a U-shaped metal resonator on FR4 substrate, and working in the low GHz frequency
range is proposed. The structure realizes dual linear polarization filtering at frequencies of 1.83 and 4.14 GHz
with fractional bandwidths of 34.15% and 22.51% respectively, and linear-to-circular polarization conversion
at 2.68 GHz, with 3.2 dB insertion loss (IL), 30-45° angular stability depending on the direction of arrival
of the incident wave, and 22.01% axial ratio bandwidth. The dimension of the unit cell corresponds to 0.09,
0.13 and 0.21 fractions of wavelength at the three operational frequencies. The functionality of the proposed
structure is assessed by simulation, circuital model, and experiment in anechoic chamber. Scalability is
demonstrated by designs that work at different frequencies, tested by simulation.

INDEX TERMS Frequency selective surface (FSS), notch filter, angular stability, polarization filtering and

conversion.

I. INTRODUCTION

Polarization processing of waves has been a research subject
of interest in the last years [1]. Practical aspects focused
researchers’ attention on processing of linear (LP) and cir-
cularly polarized (CP) waves. LP filtering involves leaving
unaffected the co-polarization component of a plane wave
and filtering out the cross-polarization part [2]. Linear-to-
circular polarization conversion (LCPC) is another subject
of wide interest. CP waves have important applications in
modern communications systems and sensor networks due
to an increased insensitivity to propagation effects such as
multipath fading, reflections, Faraday effect in the lonosphere
etc. An effective way of obtaining CP plane waves relies on
frequency selective surfaces (FSSs) that realizes an LCPC.
FSSs are 2D periodic surfaces that result from translation of
a basic spatial element, called unit cell, in two independent
directions. The most common arrangement consists of trans-
lations in a plane along two orthogonal lines [3]. When FSSs
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are used for filtering or selective screening, insensitivity to
polarization is a desirable effect and therefore several axes
of symmetry are considered in the design of the surface.
When polarization processing is targeted, waves must prop-
agate through an anisotropic medium, so that the number of
symmetries exhibited by the surface must be reduced.

An early linear-to-circular polarizer based on meander
metallic lines on a surface has been reported in [4]. The
polarizer has been realized both in planar and cylindri-
cal form. However, the proper operation of the polarizer
involved several layers in its construction, making it bulky for
applications [2].

Multiple-layer LP-CP converters have been considered
by many authors. In [5], a polarizing structure that reflects
LP waves as CP waves at one frequency and is transparent at
other frequencies is proposed. The structure consists of two
parallel surfaces with unit cells based on dipoles. The dipoles
on one surface are placed orthogonally with respect of the
dipoles on the other surface.

A dual-band LP-CP converter is proposed in [6],
which converts LP incident waves in right circularly
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polarized (RCP) or left circularly polarized (LCP) transmitted
waves depending on the frequency (of the wave). The design
of the unit cell involves three metallic layers composed of
metallic patches, a split ring, and a circular slot. The structure
is designed to operate in the K/Ka satellite communication
band.

In [7], a dual band LP-CP converter is considered, based
on a four-metal layer structure separated by dielectric layers.
Unit cells contain split-ring resonators bisected by metal
strips and rectangular patches and rings. The polarizer oper-
ates in the 6.4 - 8.8 GHz and 12.1 - 13.9 GHz bands.

FSS depending on slot-line based unit cells arranged in
two orthogonal directions in a multi-layer 3D structure has
been conceived, designed, and demonstrated to operate as a
polarization converter, covering the X band [8]. Two identical
metal layers with patterns consisting of a Jerusalem cross
and linear dipoles have been placed on a separating dielectric
layer to obtain a dual band polarization converter working in
the K/Ka band [9].

A bilayer-twisted Fermat’s spiral chiral metamaterial is
proposed for the realization of circular polarization of
far-infrared waves and polarization filters in [1]. It is demon-
strated that the proposed structure can convert waves from
linear to circular polarization around 2.5 THz.

A tunable converter working in the terahertz frequency
range and consisting of two layers of metal and graphene
resonators, respectively, separated by a dielectric layer has
been reported [10]. The tunability is provided by the pos-
sibility of controlling the Fermi energy of the graphene
material.

A physics perspective on polarization processing and var-
ious applications using multi-layered surfaces from GHz
to THz, as well as important references can be found, for
example, in the review article [11].

The literature reporting various structures based on
multiple-layer FSS polarizers is extensive. Some recent pub-
lications are [12]-[18]. Other titles can be found as references
in the cited literature.

Besides multiple-layer FSSs, single-layer solutions, con-
sisting of a metal pattern on top of a thin dielectric slab, have
also been proposed.

A single metal layer LP-CP converter based on a
sub-millimeter cross-slot unit cell and another single layer
converter based on ring slots on a dielectric layer have been
introduced in [19]. IL of 3.2-3.3 dB at the operation fre-
quency of 325 GHz, and 3 dB axial ratio (AR) fractional
bandwidths of 17.3% and 20.4% have been obtained for the
two designs, respectively. The cross-slot metallic pattern has
been replicated on the other side of the dielectric layer. The
obtained two-metal layer design featured a better IL than in
the single-layer case (0.55 dB) and a fractional AR bandwidth
of 12.2%.

Itis well known that using multiple layers enhances desired
properties of FSSs, such as bandwidth and IL [3]. However,
from a feasibility point of view, it is desirable to use thin struc-
tures, which also reduces attenuation and multiple reflection
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of waves that otherwise propagate through successive metal
and dielectric layers.

A single-layer variation of the metallic meander line in
combination with a loop configuration has been proposed
in [2] to achieve a LP-CP conversion with an AR below 3 dB
in the range 18-20 GHz (46.8%) and IL between 2.5 and 3 dB,
for a dimension of the unit cell of 23.5 mm. The structure has
been proven to operate properly up to an angle of incidence
of 30°.

A broadband LP-CP converter made of a layer of zig-zag
metal strips on a dielectric substrate has been reported in [20].
A 3 dB AR bandwidth of 53% has been achieved experimen-
tally (and 70.5% in theory) in the 6-12 GHz band, with a unit
cell of 6 x 6 mm. The broadband operation has been obtained
by avoiding the resonant character of the unit cell that is relied
upon in other implementations of polarizers. The structure
has been tested to incident angles up to 30°.

A single layer, dual band polarization converter has been
proposed in [21]. It provides opposite circular polarization
for incident linear polarization in the Ku band (17.2 GHz)
and Ka band (34.2 GHz), with AR bandwidth of 21% and
angular stability of 45° and 30° respectively. The edge of the
square-shaped of the unit cell is 5.2 mm (0.3 A). The metal
pattern consisting of a split ring is surrounded by a closed
square ring.

Considering the wide interest on the topic, in this arti-
cle, we focus on a cost-effective, easy-to-fabricate, scal-
able single-layer metal-on-dielectric polarization processing
surface.

In this article we report a multi-functional FSS that realizes
the following polarization processing operations:

« it filters out LP waves along one direction while it

does not affect LP waves over an orthogonal direction
(the cross-pol component) at one frequency;

o it realizes the complementary operation (i.e., trans-
mits LP waves along the first direction and filters out
LP waves along the orthogonal direction) at another
frequency;

« it converts LP waves along directions making an angle
of +45° with the previous directions to CP waves at an
intermediary frequency.

The structure of the unit cell we considered is of elemen-
tary simplicity, relying on a U-shaped metal resonator over a
thin dielectric layer.

U-shaped metal patterns for square shaped FSS unit cells
have already been considered by several authors. In [22],
transmittance of FSSs having unit cells with single and dou-
ble U-shaped patterns are considered in view of absorber and
sensor applications. Additionally, a quad super-cell, consist-
ing of four rotated U-shaped cells is designed in view of pro-
viding symmetry to the structure. Anisotropy is demonstrated
in the first two cases. However, polarization conversion appli-
cations are not considered in that article.

In an older reference [23], nested U-shaped metal patterns
on dielectric are introduced and assessed to react in the
X band. However, the focus is on metamaterial-related
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parameters of the
conversion.

Double-layer, quad rotated U-shaped resonators have also
been used in the past for devising chiral metamaterials with
negative refractive index [24].

A double metal layer using quad super-cells consisting
of rotated and scaled U-shaped resonator has been reported
in [25]. Dual-band polarization conversion has been demon-
strated in the 3-7 GHz frequency range. However, investiga-
tions concerning AR bandwidth, IL and response to oblique
incidence have not been reported.

The rest of the article is organized as follows. In Section II,
we present the proposed structure, its operation principle and
its transmission characteristics obtained by full-wave simu-
lation. In Section III, we report an equivalent circuit for the
structure. Experimental results on large extension prototype
are presented in Section IV, and compared with numerical
simulation obtained data. Conclusions are drawn in the last
section.

structure rather than polarization

II. UNIT CELL STRUCTURE AND SIMULATION RESULTS
The front view of the unit cell of the proposed structure
is presented in Fig. 1 (a) and a CAD model is reported
in Fig. 1 (b).

FIGURE 1. Unit cell: front view with relevant dimensions indicated (a);
CAD model (with hidden dielectric layer for a better rendering) (b).

The periodic surface is built on an FR4 substrate (¢, =
4.3, tan(6) = 0.025), having a thickness of 2.4 mm. At the
considered frequency range, the value of the thickness has
reduced influence on the response of the surface to incoming
electromagnetic waves due to the short path of the waves
through the dielectric. The U-shaped metal pattern has equal
arms, situated at equal distance d from all the the bounds
of the unit cell. This parameter is technologically important
since D = 2d is the distance between adjacent metal traces
(that will be indicated below instead of d). An equally impor-
tant parameter is the trace width w.

The dimensions for the structure that we used in simula-
tions have been dx = dy = 15 mm, w = 0.2 mm and
D = 0.4 mm. Simulations have been carried out by means
of a commercial solver [?], by illuminating the surface with
linearly polarized waves incident on the patterned face. The
transmittance (magnitude of the transmission coefficient) of
the surface is reported in Fig. 2 (a). The curve labelled as
“Case 17 corresponds to E-field parallel to the y axis, while
“Case 2” relates to E-field parallel to the x axis, with respect
to the coordinate system in Fig 1 (b). We will denote by T
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FIGURE 2. Transmission coefficient: magnitude (a); phase difference at
the output between in-phase, orthogonally polarized waves at the
input (b).

and T respectively the transmittance in the two cases. The
phase difference acquired by two linearly polarized waves
according to Case 1 and Case 2 respectively, upon passing
through the surface, is represented in Fig. 2 (b).

There are three interesting points on the graphs in Fig. 2 (a).
At point A, corresponding to a frequency fi = 1.83 GHz,
y-polarized waves (Case 1) are strongly attenuated (77 =
—34.29 dB, with a relative —10 dB bandwidth of 34.15%),
while x-polarized waves (Case 2) are attenuated by only
—1.26 dB. This means that, in the case of mixed input polar-
ization, the output will be x-polarized, i.e., linearly polarized
transmitted field, independently of the polarization of the
incident field.

At point C, corresponding to a frequency f3 = 4.14 GHz,
the same holds for the orthogonally polarized component
since 71 = —0.22 dB and T, = —30.84 dB (with a relative
—10 dB bandwidth of 22.51%). Any elliptically polarized
wave at the input will be y-polarized at the output.

The transmittances are equal at point B, Ty = T, =
—3.24 dB, at a frequency f, = 2.68 GHz. At this fre-
quency, the phase difference is very close to 90° (approxi-
mately 89.34°, point D in Fig. 2 (b)). Consequently, an LP
wave at 45° with respect to the x axis (Fig. 1 (b)) at the
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FIGURE 3. Oblique incidence: (a) transmittance ¢ = 0 (normal incidence - solid line); (b) phase difference ¢ = 0; (c) transmittance ¢ = 90°

(normal incidence - solid line); (d) phase difference ¢ = 90°.

input will be RCP at the output, while an LP wave at 135°
at the input will be LCP at the output. Indeed, the x and
y input E-field amplitudes are equal in both cases, while
the phases are equal in the first case and in opposition
(180° difference) in the second case. At the output, the ampli-
tudes are still equal, but the y component is advanced by 90°
with respect to input. The phase difference between the y and
x components determines the circular polarization and the
sense of rotation at the output, considering waves propagating
along the negative z axis [26].

In a practical installation of a polarization-processing
device, it is important to allow a certain degree of misalign-
ment with respect to the axis determined by the emitting
and receiving antennas. Thus, we have tested the proposed
structure to oblique incidence with respect to the xOy plane
in Fig. 1 (b). We denote by 6 and ¢ the co-latitude and
azimuth angles associated to the reference frame Oxyz. Since
the structure is anisotropic, we have determined by simulation
the transmittance parameters for a range of 6 from 0 to 60°,
with a step of 15°, for both ¢ = 0 and ¢ = 90°. The
transmittance and phase difference for ¢ = 0 are reported
in Fig. 3 (a) and (b) respectively, and the same quantities for
¢ = 90° are represented in Fig. 3 (c) and (d).

30618

The results reported in Fig. 3 indicate that the polariza-
tion filtering properties of the proposed FSS possess a good
stability in the considered range of incidence angles. Also,
the phase difference is stable at the frequency of interest
(2.68 GHz). However, the capability of providing a proper
CP outgoing wave requires special consideration.

The geometrical locus of the tip of the electric field inten-
sity vector at 2.68 GHz, in a plane perpendicular to the
direction of propagation at the output of the polarizer, assum-
ing an input LP wave at 45° with respecte to the x axis
of the reference frame in Fig. 1 (b) and with an amplitude
of the electric field intensity of 1.41 V/m is represented in
Fig. 4 (a) and (b) for the considered angles defining the
co-latitude and the azimuth.

To assess the quality of the polarizer, we adopt the widely
accepted criterion of AR (ratio of major to minor axes of
the polarization ellipse) being smaller than 3 dB. Calculation
formulas for the AR and tilt angle in function of the x and y
components of the wave are widely available, thus we do not
reproduce them here (see e.g. [26]).

It turns out that, for ¢ = 0, the AR is 1.45 dB for 6 = 30°
and 3.31 dB for 6 = 45°. If ¢ = 90°, the AR is 2.28 dB for
6 = 45°and 4.67 dB for 8 = 60°. Therefore, the polarizer has
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FIGURE 4. Polarization ellipse at the output of the polarizer for a 45° LP
incident wave parametrized after 6, for ¢ = 0 (a) and ¢ = 90° (b).
Amplitude of the incident wave is considered to be equal to 1.41 V/m.

a demonstrated AR below 3 dB for incidence margins given
by 6 < 30° ¢ = 0, and 6 < 45°, ¢ = 90°. The minimum
AR, at the operation frequency, is 0.14 dB, and is obtained
for normal incidence.

It is noted that for the ¢ = O case, the ellipses maintain
the principal axis at small angles with the x and y directions,
while for the ¢ = 90° there is a rotation off them. This
behavior is due to the different symmetries the structure
possesses with respect to the two coordinate axis in the
xOy plane. There is a symmetry of the structure with respect
to the x axes, that is in turn broken for the orthogonal y direc-
tion. In this second case, the effect is even more pronounced
when the incidence angle increases, since the projections of
the incident field on the asymmetric arms increases, hence the
scattering of the cross term increases.

Another important feature of the polarizer is the depen-
dency of the AR on frequency for normal incidence. This
behavior is represented in Fig. 5. The band limits correspond-
ing to an AR below 3 dB are 2.43 GHz and 3.02 GHz, result-
ing, with respect to the operating frequency of 2.68 GHz,
a relative bandwidth of 22.01%.

Several simulations have been performed to assess the
coverage of frequency range up to 15 GHz by stretching the
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FIGURE 5. Axial ratio vs. frequency (only the frequency band of interest
is reported).

structure. Simply scaling down was not possible motivated
by technological constraints on trace width. We have scaled
down the dimensions of the unit cells and used the parameters
D and w to optimize the structure to have a phase difference
of 90° at f>, where the x and y transmittances are equal. The
dimensions are listed in Tab. 1 and the relevant transmission
coefficient parameters in Tab. 2. Supplementary to the param-
eters f; and T;, the —10 dB bandwidths B; and B3 around f;
and f3 respectively and the computed phase difference A& at
f> are provided. The —10 dB bandwidth is largely accepted
as a relevant parameter in FSS’s [27].

TABLE 1. Scaled Down Geometrical Dimensions

Cases | dx =dy w D
(mm) (mm) | (mm)
1 15 0.2 0.35
2 12.5 0.2 0.6
3 10 0.2 0.65
4 7.5 0.2 0.8
5 5 0.2 0.55

Having presented the main operational features of the pro-
posed FSS, we now consider in the next section an explana-
tion of its behavior by means of a circuital model.

Ill. CIRCUIT MODEL

It is known that LP waves incident on an array of paral-
lel strips experience an inductive effect when the E-field is
parallel to the strips and a capacitive one when the E-field
is perpendicular to the strips [3]. In our case, we have a
combination of parallel and perpendicular dipoles, and there-
fore a combination of the two effects is expected. Since we
have single dipoles parallel to the y axis and closely spaced
dipoles parallel to the x axis (considering several unit cells as
in Fig. 1 (a)), we expect a larger inductance for LP waves
parallel to the y axis than in the other case. The closely
spaced dipoles are expected to introduce a strong capacitive
effect for LP waves parallel to the y axis, while the capacitive
effect introduced by the closely spaced, parallel dipoles is
expected to be weaker when waves are LP along the x axis.
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FIGURE 6. Field images at 1.83 GHz (a) E- field, Case 1; (b) H-field, Case 1; (c) E- field, Case 2; (d) H-field, Case 2.

TABLE 2. Transmission Parameters for the Structures With Unit Cells
Defined by Dimensions in Tab. 1

/1 (GHz) f2 (GHz) f3 (GHz)
Cases T (dB) Ty =T> (dB) T1 (dB)
T, (dB) AD () | T (4B)
B; (GHz) B3 (GHz)
1.81 2.67 4.1
1 -35.09 -3.24 -0.28
-1.33 89.6 -31.38
0.68 0.98
2.32 3.3 5.22
2 -33.52 -3.31 -0.25
-1.6 89.9 -31.3
0.73 1.25
3.16 4.17 6.8
3 -32.55 -3.45 -0.52
-1.96 90.9 -30.4
0.89 1.52
4.64 5.76 9.81
4 -31.28 -3.59 -1.37
-2.48 91.6 -28.85
1.13 1.93
7.12 8.55 15.13
5 -31.06 -3.98 -2.38
-3.16 90.6 -27.61
1.74 2.85
Note: the values of fo and A® have been calculated by sweeping

1 GHz around, at a required precision of le-12 (CST 2020
Frequency Domain Solver). For the rest, the scan has been 10
GHz wide with 1e-9 accuracy.

These arguments explain the two resonant frequencies that
are polarization dependent in Fig. 2 (a).
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To get insight into the origin of the capacitive and inductive
effects, we consider the field images in Figs. 6 and 7.

The field images in Fig. 6 (a) and (b) represent the electric
and magnetic field intensities respectively, at 1.83 GHz for
Case 1 (E-field parallel to the y axis, i.e., vertical). The E-field
intensity in Fig. 6 (a) reveals a strong capacitive effect in the
region of the closely spaced horizontal dipoles, as expected.
Also, in the region of the vertical dipoles, we have a typical
image of a dipole near field, which enhances the capaci-
tive effect of the structure at the considered frequency. The
H-field image in Fig. 6 (b) reveals a concentration of the
magnetic field in the region of the vertical dipoles, indicating
an inductive contribution of these dipoles. The magnetic field
intensity is weak in the region of the horizontal dipoles. These
conclusions are supported by the surface current images (not
reported here). The surface current has high values on the
vertical dipoles but opposite directions, cancelling any induc-
tive effect, along the horizontal dipoles. The combination of
LC elements explains the first resonance in Fig. 2 (a)
(point A, Case 1).

The field images in Fig. 6 (c) and (d) represent the electric
and magnetic field intensities respectively, at 1.83 GHz for
Case 2. A capacitive effect exists between horizontal dipoles
and vertical ones, as revealed by Fig. 6 (c). This explains the
small drop of 1.26 dB in the transmission coefficient for this
polarization at 1.83 GHz. The structure has little effect on
the H-field, which remains uniform and vertically polarized,
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FIGURE 7. Field images at 4.14 GHz (a) E- field, Case 1; (b) H-field, Case 1; (c) E- field, Case 2; (d) H-field, Case 2.

like in the incident wave, as seen in Fig. 6 (d). In conclusion,
the structure is resonant at 1.83 GHz for vertically polarized
LP waves and out of resonance for horizontally polarized
ones.

The field images in Fig. 7 reveal a different response
of the structure to incoming LP waves at 4.14 GHz. The
E-field for Case 1, corresponding to vertically polarized LP
waves, is reported in Fig. 7 (a). The field is slightly per-
turbed around the conductors, due to the capacitive inter-
action between the vertical and the horizontal dipoles. The
H-field passes through the structure practically unperturbed,
as shown in Fig. 7 (b). Overall, the interaction between LP
waves and the FSS is very weak in Case 1, which explains
the small attenuation of 0.22 dB. The situation is differ-
ent in Case 2, when incoming LP waves are horizontally
polarized. A strong capacitive coupling between vertical and
horizontal dipoles is present, as revealed by the image of the
E-field in Fig. 7 (c). The H-field, reported in Fig. 7 (d) cir-
cles around the pair of closely spaced horizontal dipoles,
which introduces an inductive effect. This combination of
LC elements explains the notch at 4.14 GHz for Case 2
(point C in Fig. 2 (a)).

The capacitance for Case 1 at 1.83 GHz includes the
contribution of the closely spaced, parallel horizontal dipoles
and is therefore larger that the capacitance for Case 2
at 4.14 GHz, which relies on the interaction between
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st

FIGURE 8. Equivalent circuit of the unit cell.

perpendicular dipoles. The inductance for Case 1 at 1.83 GHz
corresponds to a metal strip (Fig. 6 (b)). However, some field
non-uniformities are present at the ends of the strip, so that
some corrections will be necessary if a formula for a finite
length metal strip will be applied. It is tempting to say that the
inductance for Case 2 at 4.14 GHz is half of the inductance for
Case 1, since two identical parallel metal strips are circled by
the magnetic field intensity vector. However, the field is not
uniform along the length of the strips, as seen on (Fig. 7 (d))
and consequently only a fraction of the length of the dipoles
determines the value of the equivalent inductance. The above
presented discussion suggests the equivalent circuit for the
unit cell of the FSS presented in Fig. 8.

The equivalent circuit consists of the LC elements intro-
duced in connection to the field images of Figs. 6 and 7,
a length of transmission line equal to the FR4 substrate
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FIGURE 9. Transmission coefficient obtained by simulation (sim.) and
circuit model (mod.): (a) magnitudes; (b) phase difference.

(b)
FIGURE 10. Experimental equipment: (a) Fabricated finite sized FSS on
PCB and emitting antenna in anechoic chamber; (b) receiving antenna.

thickness st, having the characteristic impedance Z, and a
propagation constant 8 corresponding to the dielectric con-
stant of the substrate and terminated by a load impedance
equal to the free-space impedance. The circuit is fed by
a matched generator of internal impedance Zy (not rep-
resented), accounting for the incident wave propagating
through free space. The equivalent circuit is different for
Case 1 than for Case 2, due to the lack of symmetry of the
structure.

To find the LC elements, we start from a well-known
formula for the inductance L of a strip of length s and width
w, immersed in a non-magnetic material, for the case of a
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FIGURE 11. Transmission coefficient in normal incidence, measured vs
simulated: (a) magnitude; (b) phase difference.

negligible thickness [28]:
s
2w

Since the capacitive effects are multiple, we calculate the
capacitance from the known resonance frequency f, accord-
ing to

2s
L = po ln(;) (D

1
"~ 2nJIC

By substituting the geometrical parameters of the dipoles
reported in Section II into (1), we get an initial value for the
inductance in Case 1 of Ly = 14.552 nH. We performed an
optimization by starting from this value of the inductance and
by applying (2) to find the equivalent capacitance for Case 1.
For Case 2, the optimization started from one half of the value
of Ly. The transmission coefficient of the circuit in Fig. 8
(521) has been calculated analytically and implemented in
Matlab. The optimization goal was to achieve a transmittance
of the circuit as close as possible to the transmittance of the
structure obtained by simulation. The following values have
been obtained to provide an acceptable match: for Case 1,
L; = 16.880 nH, C; = 0.448 pF, and for Case 2: L, =
10.186 nH, C, = 0.145 pF.

Ir (@)
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FIGURE 12. Transmittance in oblique incidence for various values of . (a) Case 1, ¢ = 0; (b) Case 1, ¢ = 90°; (c) Case 2, ¢ = 0;
(d) Case 2, ¢ = 90°. Results obtained by simulation in normal incidence are also reported for reference.

The transmission coefficients obtained by full-wave simu-
lation and by applying the circuit model are reported jointly
in Fig. 9.

The results reported in Fig. 9 show that the circuit model
captures the most relevant features of the structure in the
frequency range of interest. We have a good match of the
transmittance and phase difference, which, moreover, has the
correct value of 90° at 2.68 GHz, when the transmittance for
Case 1 is equal to the one for Case 2, allowing for the LP-CP
conversion.

IV. EXPERIMENTAL VALIDATION
A finite version of the FSS introduced in Section II has
been realized and tested experimentally on an FR4 board,
of thickness 2.4 mm, comprising 30 x 30 unit cells. A pho-
tograph of the structure is reported in Fig. 10 (a), mounted
on a screen separating the emitting and receiving antennas
in an anechoic room. Fig. 10 (b) displays the receiving
antenna in the same anechoic room and the back of the screen
(the emitting antenna is also visible).

The structure has been tested in an anechoic room by the
substitution method, using the same equipment as described
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in [29]. The description of the equipment and measurement
procedure will be not repeated here.

The experimental results obtained for normal incidence of
LP waves are reported in Fig. 11, jointly with the simulation
results, to facilitate the comparison. A good match is revealed,
both for the notch frequencies and the phase difference.
The artefacts present in the measured results are associated
to the finite dimensions of the experimental printed circuit
board (PCB) and the technological irregularities [29].

The structure has also been tested in oblique incidence, for
the following angles in spherical coordinates: co-latitude 6
between 0 and 45°, with step of 15°, and azimuth ¢ equal
to 0 and to 90°, to assess the simulation results reported
in Fig. 3. The experimental setup did not allow an incidence
angle of 60°, which was considered in Fig. 3. Nevertheless,
the LP-CP conversion has been proved to be performed up to
45°. The correct operation of the structure as a linear polarizer
at 1.83 GHz and 4.14 GHz at an angle of incidence of 60° is
demonstrated only by simulation. The measured magnitude
of the transmission coefficient in oblique incidence is repre-
sented in Fig. 12. The transmittance obtained by simulation
in normal incidence is also reported for reference.
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FIGURE 13. Cross-pol transmittance for Case 1, at ¢ = 0.

Cross-pol components have also been measured, by arrang-
ing emitting and receiving antennas at 90°. The measured
values have been below —45 dB in all cases. An example is
reported in Fig. 13.

The experimental results are in good agreement with the
results obtained by simulation, demonstrating the correct
operation of the proposed structure.

V. CONCLUSION

A multi-functional single-layer FSS capable of LP filtering
at two frequencies with small IL and achieving LP-CP con-
version at an intermediary frequency and working in the
low GHz frequency range (below 6 GHz, the 5G frequency
band) has been introduced. The ratio of the size of the unit cell
over operating free space wavelength is 0.09 and 0.21 at the
LP filtering frequencies and 0.13 at the polarization conver-
sion frequency. The main parameters of the proposed single
metal layer LP-CP converter are as follows: 2.68 GHz work-
ing frequency, 3.2 dB IL, 30-45° angular stability depending
on the direction of arrival of the incident wave and 22.01%
AR bandwidth. The parameters for the structure proposed
in [19], which works at much higher frequency — 325 GHz,
are: IL = 3.2-3.3 dB, and AR of 17.3% or 20.4%, depending
on the design. The converter reported in [2] works in the
6-12 GHz band with an IL of 2.5-3 dB, a 53% AR bandwidth,
and an angular stability of 30o. The more recent work [21]
introduces a structure with dual-band polarization conversion
at 17.2 GHz and 34.2 GHz, with 45° and 30° angular sta-
bility respectively, and 21% AR bandwidth (IL not readily
available).

The polarization converter proposed in this work has com-
parable or better parameters than those reported in literature,
except for the AR bandwidth of [2], which is superior. How-
ever, the proposed structure features multi-functionality by
dual LP filtering on one hand, and better feasibility due to
the simple structure of the unit cell, based on elementary
U-shaped resonators and cost effective FR4 substrate on the
other hand.
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The LP filters have operation frequencies of 1.83 and
4.14 GHz with relative bandwidths of 34.15% and 22.51%
respectively.

The operation principle of the FSS has been elucidated by
means of a circuital model.

The functionality of the proposed structure has been
demonstrated by simulation and experiment. The scalability
of the design by adapting the dimensions of the unit cell
and metal pattern, covering the frequency range from 1.81 to
15.13 GHz has also been exemplified.
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