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ABSTRACT This paper presents a multilayer frequency selective surface for a dual-polarized aperture array
antenna in Ka-band. The 8× 8 elements of the array are cylindrical open cavities with a diameter of 0.6λ0
at 30 GHz, and spaced one wavelength. Due to this separation between elements, which is limiting and not
reducible by the architecture of the feeding network and the size of the radiating element, grating lobes
appear. Frequency Selective Surfaces (FSS) can be a solution to this problem without modifying the feeder
architecture nor the radiating elements. This paper presents the FSS design for reducing grating lobes level,
the antenna assembly, and the experimental validation. The full antenna performance demonstrates that FSS
operates in a range identical to the feeder (29.5 GHz to 31 GHz) with the added benefit of reducing the
grating lobes level more than 10 dB for both polarizations.

INDEX TERMS Circular aperture, dual-polarized structures, multilevel FSS, SOTM systems, SATCOM.

I. INTRODUCTION
Satellite communications at Ku-band are widely used nowa-
days with well-established global coverage. Over the last few
years, Ka-band satellite communications have gained great
interest and are being widely adopted for high-throughput
satellites (HTS) [1]. Thereupon, commercial and military
satellite communications at Ka band are today a backbone
of global telecommunication networks since they provide
internet services to both fixed and mobile users [2]. The
most important parameter of HTS systems is the system
capacity, which is split accordingly between the forward
and the return links. The forward capacity represents a key
performance indicator, and the user bandwidth has the largest
impact on the level achieved. In order to increase the sys-
tem throughput, HTS systems employ a multi-spot coverage,
which is implemented through high gain spot beams. Thanks
to the frequency and polarization reuse approach, a resource
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FIGURE 1. Photographs of: (a) fully-assembled antenna; (b) antenna
mounted for measurements campaign in the anechoic chamber.

(a given frequency band and polarization) is reused a number
of times, and this translates into an increase of the system
capacity [3].

The above functionalities require antenna solutions giv-
ing high-gain radiation patterns, beam-steering capabilities,
dual-polarized patterns, and dual-band operation but also
with reduced size, lightweight, and quickly deployable termi-
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nals. So, dual-polarized antennas are an interesting solution
since they can provide the required performance in simple
structures. This contribution aims to demonstrate that a Fre-
quency Selective Surface (FSS) can be an alternative when
the requirements of the radiation pattern are very strict. For
example, for satellite communications on the move applica-
tions, ITU establishes a reference mask that radiation patterns
must comply with.

In this contribution the use of an FSS to reduce the grating
lobes of an array of circular apertures is proposed. FSS are
low-profile periodic structures commonly used to improve
the performance of an antenna at certain frequency bands or
polarization. They can work in transmission mode [4], [5] or
in reflection mode [6], [7]. FSS can be used with local control
of the dimensions to achieve a certain phase distribution.
So, it is possible to control and reduce the grating lobes of
a certain radiation pattern in a determined frequency range.
One of the most studied solutions was proposed in [8], which
have been shown to reduce the grating lobes level up to
11.7 dB. Nevertheless, it requires a complex beamforming
network (BFN) that limits their applicability.

Other possible solutions include the use of a superstrate in
front of the antenna array. In [9]–[11], the superstrate is made
up of several dielectric layers, while, in [12], the superstrate is
ametallic grid working as a partially reflecting surface (PRS).
In those works, the grating lobe level is reduced more than
10 dB with the added advantage of not relying on a complex
BFN. This work continues in that vein since we propose
the use of a multilayer (FSS) as a superstrate for reducing
the grating lobes level. The FSS is placed in front of a 2D
array of circular apertures separated one wavelength in both
directions [13], whose grating lobes are located at θ = 90◦.
The apertures are dual polarized elements in Ka-band fed by
a beamforming network in Gap-waveguide technology.

The dual-polarized aperture array presented in [13] synthe-
sizes a uniform distribution. Thereby, it would be complicated
from that robust architecture to be able to reduce the SLLs
without redesigning the intricate corporate-feed network. The
FSS is able to achieve a local control of the phase, reducing
the grating lobe levels without changing the feeding layers,
and keeping a good return loss level.

This paper is organized as follows: first, the FSS unit cell
and its characteristics are presented. Subsequently, the FSS
proposed is illuminated by the dual-polarized antenna of 8×8
elements, and the results achieved are shown. Then, the FSS
backed by a dual-polarized gap waveguide array is fabricated.
The radiation patterns and the gain are measured, and the full
array performance is discussed. Lastly, conclusions on the
proposed work are given.

II. FSS STRUCTURE
Fig. 2 shows the unit cell of the FSS structure proposed to
minimize the grating lobes of the aperture array antenna. The
cell is formed by three layers of square metallic rings with
four inner stubs. The stubs are placed centered on the four
sides of the square ring with lengths lx and ly, according

FIGURE 2. Dual-polarized FSS unit cell formed by a square ring and four
inner stubs: (a) 3D view and (b) upper view of a three-layer FSS.

FIGURE 3. Frequency response of the three-layers unit cell with identical
dimensions in all layers for a period p = 6.88 mm, and separation
between layers of s = 3 mm.

to the orientation of the stubs. The length of the stubs is
used to control the frequency response for both orthogonal
polarizations

Fig. 3 shows the S21 parameter of the unit cell analyzed
in CST Microwave Studio with infinitely periodic boundary
conditions, and Floquet ports. The response is given for an
x̂-polarized Floquet port with a normal incidence for different
lengths of the x-oriented stubs (lx). As we can see, the fre-
quency response in amplitude and phase is shifted depending
on the stub length. Note that the insertion loss is above 1 dB
within a certain frequency band.

Despite not being shown in Fig. 3, the response for the
ŷ-polarized Floquet port can be independently controlled by
the y-oriented stubs (ly). Thereby, the unit cell is dual polar-
ized, providing different responses for both polarizations of
the incident plane waves. These responses are tailored by just
controlling the length of the stubs parallel to the polarization
of the incident plane wave. Bearing in mind the behavior
illustrated in Fig. 3, we are able to use the so-called layered
scattered approach [14] to construct a lens antenna [15]. Since
the frequency response is shifted for different values of lx
within a certain frequency band, the phase can be controlled
keeping the amplitude response nearly constant. Fig. 4 shows
the amplitude and phase of the S21 parameter at 30 GHz
as a function of lx . As we can see, we are able to obtain a
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FIGURE 4. Absolute value and phase of the transmission parameter at
30 GHz of the three-layers unit cell with identical dimensions in all layers.

FIGURE 5. Three-layer unit cell with different dimensions fed by a
circular aperture.

maximum 180◦ phase shift for an amplitude variation of less
than 1 dB.

However, for the FSS of interest, the above study can be
only used to take into account the expected general behavior
of the unit cell. This study assumes a perfect incident plane
wave, which is normally formed at a long distance from
the feeder. Nevertheless, the antenna under study must be
low profile and, therefore, the FSS must be placed next to
the feeding array of circular apertures. These apertures do
not produce a perfect plane wave at the FSS position and,
consequently, the conclusions derived from Fig. 3 cannot be
directly applied.

In order to design the FSS under study, we need to analyze
the structure shown in Fig. 5. As we can see, the three-layer
unit cell is directly fed by a circular aperture with periodic
boundary conditions. Thereby, we are directly considering
the incident wave that each unit cell is receiving. In order to
incorporate more degrees of freedom to the design of the unit
cell, each layer is different, with different metallic square ring
widths and different stub lengths. Additionally, tuning stubs
are inserted along the four sides of the unit cell. These stubs
are placed on positions where the intensity of currents is low,
so that they do not disturb the general behavior of the unit
cell, but help to tune better the frequency response of the cell.

The dimensions of the stubs in all layers are indicated
in Table 1. These optimized dimensions improve the perfor-
mance of the unit cell, tuning in a better way the sidelobes
of the radiation pattern, and the return loss of the cell. Fig.6
compares the reflection coefficient of the unit cell with the

TABLE 1. Dimensions (in mm) of the FSS in each layer. Metallization
thickness is 18 µm.

FIGURE 6. Comparison of the reflection coefficient for the unit cell.

FIGURE 7. Electric field distribution in each layer. From left to right:
circular aperture, first FSS layer, second FSS layer and third FSS layer.

additional stubs, and without them. As we can see, the tuning
stubs provide a very strong resonance in the center of the
band, lowering the levels of S11-parameter.

Fig. 7 shows the electric field distribution on each of the
layers of the unit cell. As we can see, the field is progres-
sively expanded to achieve a more uniform field distribution
on the aperture (FSS3) than in the feeding circular aperture
(Feeder).

The unit cell constitutes a single element of the final
circular-aperture array antenna with an FSS structure. The
optimization of this cell is based on the minimization of the
grating lobes in a 4× 4 array of unit cells. By properly opti-
mizing the different dimensions of the cell, namely, width of
the metallic rings, length of the stubs and separation between
layers, we are able to minimize the grating lobes and, at the
same time, improve the return loss level.

Fig. 8 compares the radiation pattern of the feeding circular
aperture and the optimized unit cell (aperture and FSS) in a
4×4 array. Aswe can see, we are able to completely eliminate
the grating lobes of the feeding circular aperture with the FSS
structure.

As discussed above, the reduction of the grating lobes is
mainly caused by a more uniform field distribution achieved
on the upper plane of the radiation structure than that on the
feeding apertures. Fig. 9 illustrates this phenomenon. This
figure shows the field distribution at 30 GHz on the circular
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FIGURE 8. Radiation pattern of the three-layer unit cell with different
dimensions fed by a circular aperture, compared to the pattern of the
isolated feeding aperture.

FIGURE 9. Electric field distribution of the complete antenna (Feeder and
FSS layers) at 30 GHz on two levels: the feeding array of circular
apertures, and the upper plane of the FSS structure.

apertures (on the left) and the field distribution on the upper
layer of the FSS (on the right). The feeding apertures and
the FSS elements are spaced λ0 at the central frequency
(30 GHz). As we can see, maxima of the electric field at the
feeding apertures level are quite separated, causing high grat-
ing lobes. However, if we look at the upper level of the FSS,
the field is much more continuously uniform, as expected
from the optimization of the unit cell. Consequently, radiation
patterns presents a narrower beamwidth and lower grating
lobes.

III. DUAL-POLARIZED FEEDER
The feeder consists of a dual-layer array antenna that uses
circular apertures as radiating elements. Cavities on each
layer are fed corporately with orthogonal field components by
Groove GapWaveguides and Ridge GapWaveguides (RGW)
combined in the same feeding network. As demonstrated
in [16], such network is an optimal approach to feed arrays in
a symmetric and compact way. On top of it, the 8×8 circular
apertures are placed. They are 6.18 mm in diameter, spaced
10mm in both directions and are cavity-backed by cylindrical
cavities which are excited with two orthogonal modes.

All the layers of the antenna, including the circular-aperture
array antenna and the FSS structure are presented in Fig. 10.
The photographs of Fig 10a and Fig. 10b correspond to both

FIGURE 10. Top view of the different layers that make up the antenna
lid:(a) V-Pol Layer, (b) H-Pol Layer, (c) Circular apertures, (d) First FSS,
(e) Second FSS and (f) Third FSS.

FIGURE 11. Layers of the FSS structure over the feeding circular-aperture
array antenna.

feeding layers. They are two identical feeding layers that
provide the desired dual-polarized performance, i.e. radiation
of two orthogonal linear polarization when exciting two
independent input ports. In Fig. 11, a layout of the full antenna
assembly is shown. Metal pieces located on the right of the
figure are the feeding layers. Intermediate layer corresponds
to the lid containing the circular apertures. On the left,
the figure shows the FSS composed of 3 layers.

In order to improve the performance of the FSS structure,
an outer square ring of cells is inserted in the intermediate
and upper FSS layers (see Fig. 11). Thereby, these layers are
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TABLE 2. Comparison of the proposed antenna with similar works published previously.

FIGURE 12. Comparison of the radiation patterns obtained with the
circular aperture feeder and with the FSS on it: (a) XZ-plane at 29.5 GHz,
(b) YZ-plane at 29.5 GHz, (c) XZ-plane at 30.25 GHz, (d) YZ-plane at
30.25 GHz, (e) XZ-plane at 31 GHz and (f) YZ-plane at 31 GHz.

now formed by an array of 10 × 10 cells, where the 8 × 8
central cells are aligned with the 8 × 8 cells of the first FSS
layer, and the 8× 8 array of circular apertures of the feeding
antenna. The dimensions of the new outer cells (width of the
metallic ring and length of the stubs) are suitably optimized
to account for the metallic frames of the FSS structure (see
Fig. 11), required to guarantee the separation between layers.

This separation is also guaranteed through foam layers
with εr = 1.05 and tan δ = 0.0135 between the different
layers of the FSS, which are fabricated on a substrate with
εr = 2.2, tan δ = 0.0009, and height hs = 127µm.

As a starting point, measurements have been made for
the lower end of the band (29.5 GHz), the central frequency
(30.25 GHz) and the upper limit (31 GHz). The results only
correspond to one port. Fig. 12 shows a comparative between
the measured radiation patterns with and without the FSS on
the circular apertures. It can be noted that the XZ-plane radi-
ation patterns are similar for both designs. This is expectable
since the XZ-plane pattern of the aperture is omni-directional,
while the perpendicular pattern has null-filling in that direc-
tion. The higher the frequency, the greater is the grating lobe
level in the YZ-plane using just circular apertures in the lid.
Then, it is verified that the FSS can reduce these grating lobe
values. In any case the side lobes level exceeds −10 dB with
the FSS.

IV. EXPERIMENTAL RESULTS
The experimental validation of the manufactured prototype
is observed from Fig. 13 to Fig.18. The two first figures cor-
respond to the measured radiation patterns where the main
cuts are presented at several frequencies (from 29.5 GHz to
31GHz) andwith both polarizations (horizontal and vertical).
The results are highly satisfactory with uniform patterns and
well defined lobes. Antennameasurements reveal that grating
lobes are reduced within the bandwidth. This reduction is
obtained for the two considered orthogonal polarizations due
to the intrinsic symmetry of the proposed FSS.

As we can see, the main lobe is quite similar at all frequen-
cies for both polarizations, except for the H-polarization at
31 GHz (see Fig. 14), which shows a larger beamwidth in the
copolar YZ pattern than in the XZ pattern. This is probably
associated to unwanted spurious reflections between layers
due to manufacturing errors. Beyond that, the sidelobe level
and the cross-polar discrimination is quite good in all cases.

Just for illustration purposes, both ports of the dual-
polarized feeder has been weighted with the same amplitude,
and a phase difference of±90◦. Fig. 15 shows a good circular
polarization purity throughout the entire frequency range,
with an axial ratio below 0.4 dB.

With regard to the measured S-parameters (Fig. 16),
the −10 dB thresholds within the band of interest have been
shaded. It is observed how both ports show a level below
−10 dB at almost all frequencies. The isolation between ports
is really good. The threshold (−40 dB) has been also shaded

VOLUME 8, 2020 104981



D. Sánchez-Escuderos et al.: Grating Lobes Reduction Using a Multilayer FSS on a Dual-Polarized Aperture Array Antenna

FIGURE 13. Measured normalized radiation patterns for the V-Pol Port.
(a) 29.5 GHz, (b) 30.0 GHz, (c) 30.5 GHz and (d) 31.0 GHz.

in Fig. 16. This limit is slightly exceeded only in the lower
part of the band, but the good isolation between ports is
demonstrated.

Figs. 17 and 18 show that the antenna has a directivity
of 28 dBi in the lower part of the band, and decreases progres-
sively as the frequency increases. The gain is quite regular in
the case of V-Pol, obtaining values around 1 dB lower than
directivity along the band. However, the measured gain for
the H-polarized case is somewhat more irregular. This may be

FIGURE 14. Measured normalized radiation patterns for the H-Pol Port.
(a) 29.5 GHz, (b) 30.0 GHz, (c) 30.5 GHz and (d) 31.0 GHz.

caused by the difficulty for a perfect positioning of the FSS
on the aperture array in this first prototype. In general terms,
all measurements give good account of the FSS achieving
the main objective of reducing grating lobes level without
spoiling the other antenna parameters.

Finally, Table 2 compares different dual-polarized FSS
designs proposed in the last years. Typically, they are
multi-layer FSS with the same layout in all layers. It should
be noted that the use of FSS in such cases is dedicated to
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FIGURE 15. Simulated axial ratio obtained using the proper phase
excitation for the ports.

FIGURE 16. Measured S-parameters. Port 1 correspond to V-Pol port and
Port 2 to H-Pol Port.

FIGURE 17. Measured gain and directivity of the vertical polarization
(V-Pol).

FIGURE 18. Measured gain and directivity of the horizontal polarization
(H-Pol).

produce a filtering in the frequency domain, but its effect on
the radiation pattern has not been studied.

Instead, in our work, we explore the filtering effect of fields
in the spatial domain to reduce the grating lobes level. This
approach has been scarcely explored in the mm-wave band.
In [9], an FSS illuminated by a 2 × 2 linearly-polarized V-
band array antenna is used. This work introduces an FSS that
achieves a grating lobes reduction of more than 10 dB, but
the results are limited to simulation with very few radiating
elements.

V. CONCLUSION
A multilayer frequency selective surface for a dual-polarized
aperture array antenna in Ka-Band is presented. The experi-
mental measurements demonstrate that the FSS can be a good
alternative to be used in cases where the radiation pattern
must satisfy somemask requirements. In this case, the grating
lobes that appeared for an 8×8 shared-aperture array antenna
have been reduced more than 10 dB.
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