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Abstract 
 

The aim of this contribution is to describe some of the 

potentialities of multipolar all-dielectric metasurfaces in 

tailoring the propagation and the polarization of 

electromagnetic waves. Specifically, we show how the 

complex dipolar and quadrupolar response of microwave 

dielectric metasurfaces can be engineered for designing 

high-Q band-pass filters to be applied, for instance, to self-

filtering antenna systems. In addition, we also show that, 

despite their geometrical symmetry, the transmission 

window of these filtering metasurfaces is strongly 

polarization dependent and, as such, they can be also used 

as polarization-control devices working for extreme angles 

of incidence.    

 

1 Introduction 
 

Electromagnetic metasurfaces are artificial surfaces 

structured on a sub-wavelength scale and able to mold the 

flow of the impinging field in unconventional manners [1]. 

Among the different classes of metasurfaces, all-dielectric 

structures based on Mie resonators [2]-[5] are known to 

exhibit ultralow non-radiative losses and return significant 

advantages in terms of maximum handled power and high-

frequency performances. In addition, if compared to their 

metallic/plasmonic counterparts [6]-[7], all-dielectric 

metasurfaces support additional resonances and exhibit a 

more complex and fascinating macroscopic response. The 

possibility to careful engineer the multiple resonances 

sustained by Mie resonators as well as their mutual 

interaction when arranged in a periodic array is one of the 

recent trends in this field [8]-[9]. 

 

The aim of this contribution is to discuss some of our recent 

efforts in the analysis and design of multipolar dielectric 

metasurfaces composed by high-index resonators. In 

particular, we describe a novel approach for designing 

high-Q band-pass filtering devices. The approach is based 

on the careful combination of the dipolar and quadrupolar 

resonances sustained by spherical Mie resonators and is 

aimed to achieve a wide reflection bandwidth with a 

narrow transmission window in the middle. We also 

discuss a possible applicative scenario of these devices in 

self-filtering aperture antennas. 

 

In addition, by investigating their spatial dispersion, we 

show how these pass-band filters can be also used as 

narrowband electromagnetic polarizers working for 

extreme angles of incidence. 

 

Though our analyses are mainly carried out at microwave 

frequencies, where there is a strong availability of natural 

materials with high permittivity, similar effects may be also 

achieved in the THz and optical spectrum by exploiting the 

peculiar properties of semiconductor nanostructures [2]. 

 

2 Design Principles 
 

The structure we consider in this contribution is a regular 

square array of core-shell spheres, such as the one shown 

in the inset of Figure 1. Each sphere is made by a low-index 

core (with permittivity εc) and a concentric shell made by a 

high-index material. By considering realistic materials at 

microwave frequencies, such as commercial products made 

by magnesium calcium titanate, the permittivity of the shell 

εs can be selected in the range 18-140 with dielectric loss 

tangent lower than 0.0015. 

 

In Figure 1, we report the magnitude of the scattering 

coefficients of the individual core-shell sphere calculated 

with an exact Mie theory. The curves are obtained for 

different values of the core permittivity and assuming rs = 

0.07λ0, being λ0 the resonance wavelength of the magnetic 

quadrupole, and rc =(0.33)×rs. As expected [5], when the 

sphere is homogenous (εc = εs), the quadrupolar magnetic 

resonance is almost overlapped to the one of the electric 

dipole. Remarkably, the use of a low-index core allows 

tailoring the spectral position of the dipolar electric 

resonance, while keeping unaffected the magnetic-type 

resonances. In particular, for εc=0.1εs the resonance of the 

electric dipole is moved significantly above the one of the 

magnetic quadrupole. 

 

The described effect allows the design of high-Q band-pass 

filter. The idea is to take advantage of the coupling effects 

in the metasurface to merge the dipolar resonances and 

obtaining a wide-band mirror (as outlined in [3],[5]) but, at 

the same time, to exploit the magnetic quadrupole to open 

a narrow transmission window within the reflection 

bandwidth. As shown in Figure 2, by properly designing 

the geometrical and electromagnetic parameters of the 

metasurface, it is possible achieving a wide reflection 



bands (almost 60% of fractional bandwidth) with an ultra-

narrow transmission peak (-3dB fractional bandwidth 

around 2%). As we have recently proven in [7], the 

analytical design of these metasurfaces can be 

accomplished by properly generalizing the coupled dipole 

model to account for the quadrupolar resonances. 

 
Figure 1. Scattering coefficients of a core-shell sphere for 

different values of the permittivity of the dielectric core. 

 
Figure 2. Magnitude of the reflection coefficient of a 

multipolar all-dielectric metasurface (shown in the inset) 

designed to behave as a high-Q band-pass filter. 

Interestingly, and despite the symmetry of the spherical 

particles, we expect that the designed pass-band filter 

exhibit a strongly polarization-dependent behaviour for 

non-normally impinging waves. Indeed, the presence of a 

non-zero component of the magnetic field in the 

longitudinal direction does affect the resonance frequency 

of the magnetic quadrupole and, as such, its filtering effect 

at a fixed frequency. This is confirmed by the full-wave 

results in Figure 3 where we report the magnitude of the 

transmission coefficient of the designed high-Q band-pass 

filter for both the polarizations as the impinging angle 

changes. As it can be appreciated, the response of the 

proposed device in the transmission window is almost 

insensitive to the impinging angle for the TM polarization 

(|T|>0.8 for θ ≤ 85°). At the same time, however, the 

transmission coefficient quickly drops for the orthogonal 

polarization (|T|<-3 dB for θ ≥ 30°). Thus, the core-shell 

metasurface, designed to behave as a narrowband filter for 

normal incidence, may be also conveniently exploited for 

achieving polarization control for extreme angles of 

incidence. 

 
Figure 3. Magnitude of the transmission coefficient of the 

designed multipolar all-dielectric metasurface (for both TE 

and TM polarization) within the passband as the impinging 

angle changes. 

3 Design of Horn Filtennas 
 

Self-filtering antennas are electromagnetic components 

combining both a radiating and a filtering module into a 

single compact system. These structures allow reducing the 

out-of-band noise received by a broadband antenna and 

improving the signal-to-noise ratio without the need of 

using expensive and heavy electronic filters before the 

receiver.  

 

In the last years, several horn filtenna designs have been 

proposed in literature [10]-[11]. Most of them are based on 

the use of miniaturized metallic resonators placed in the 

horn throat. The resonator is designed to behave as a band-

pass filter and reduces the impedance bandwidth of the 

antenna without affecting its gain within the passband. 

 

Here, we show that the all-dielectric filters discussed in the 

previous Section are suitable candidate for self-filtering 

applications. As a first step, using the approach discussed 

above, we have designed a filtering dielectric metasurface 

with a passband around f0 = 10 GHz. Then, we have 

simulated a conventional WR90 horn antenna loaded with 

a single core-shell inclusion. As it can be appreciated in 

Figure 4, the filtering particle is placed inside a metallic 

screen that replicates the periodic conditions of the 

metasurface. 

 

The results in Figure 4 confirm that the core-shell inclusion 

is able to transform the broadband antenna into a 

narrowband one. The value of the realized gain within the 

filter passband is equal to the one of the unloaded horn 

because the core-shell inclusion only acts on the antenna 



impedance matching. The realized gain of the self-filtering 

horn shows a significant frequency selectivity – its 3dB 

fractional bandwidth is equal to 2.3% - which is higher than 

the one that could be achieved relying on the use of metallic 

resonators. 

 

 
Figure 4: Realized gain (including matching losses) of a 

WR90 horn antenna with (black line) and without (red line) 

core-shell filtering particle. 

4  Conclusions 

 
In this contribution, we have reviewed some of our recent 

efforts in the analysis and design of multipolar all-

dielectric metasurfaces. In particular, we have shown that 

the use of core-shell spherical resonator allows a careful 

engineering of the spectral position of the dipolar and 

quadrupolar resonances whose mutual interaction can be 

further optimized by exploiting the coupling within the 

metasurface lattice. As a result, we have been able to design 

a wideband dielectric mirror with a narrow transmission 

band that may be used in self-filtering antennas. In 

addition, we have also discussed the behaviour of the 

proposed device vs. the impinging angle and show how its 

polarization-sensitive behaviour may be exploited to 

design electromagnetic polarizers working for extreme 

angles of incidence.  

 

More details about the theoretical modelling and the design 

procedure will be provided at the Conference. 
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