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Abstract

The properties of metasurfaces formed by the entwined spiral arrays on normally magnetised fer-
rite substrates have been explored. It is shown that the coupling between the array fundamental
topological resonance and the ferromagnetic resonance of the ferrite substrate leads to significant
increase of the fractional bandwidth (FBW). The features of resonance transmittance assisted by
the volume spin waves excited by the entwined spirals in the ferrite substrate are discussed.

1. Introduction

Metasurfaces formed by the doubly periodic patterns of convoluted printed conductors have recently
attracted increasing interest [1]-[4]. The sub-wavelength response was originally achieved using the
constituent elements with complex shapes tightly filling a unit cell. However realisation of the intri-
cate conductor layouts was often impaired by their sensitivity to fabrication tolerances and defects of
the periodic patterns. An alternative approach, based upon interweaving the conductor patterns occu-
pying several unit cells, alleviates these difficulties and allows not only further reduction of unit cell
size but also broader fractional bandwidth (FBW) with less stringent constraints on the unit cell layout.
The doubly periodic arrays of planar intertwined spirals with the arms interleaved into adjacent unit
cells represent an important class of such metasurfaces with the unit cell size smaller than 1/30 of
wavelength [4]-[6].

The sub-wavelength response of the intertwined spiral arrays with the unit cell shown in insert in Fig.
1(a) is enabled by the distributed coupling between the reference spiral and the counter-wound spiral
arms extended from the adjacent unit cells. Interleaving of the conductor patterns alters both the
equivalent capacitance and inductance of the whole unit cell but in different ways [4]. Therefore when
the interwoven conductors are deployed on dielectric substrate, the capacitance is further increased
while the inductance is affected only marginally due to the field redistribution. This leads to broaden-
ing FBW but causes degradation of the angular and polarisation stability of the resonance response.
The use of ferrite substrates, which combine the variable frequency dependent permeability with the
high dielectric permittivity, may provide better control of the magnetic response and alleviate the
shortcomings of the interwoven arrays on purely dielectric substrates. The utility of ferrites in applica-
tion to miniaturisation of the broadband antennas was recently demonstrated in [7].

The objective of this work is to explore the properties of metasurfaces comprised of the intertwined
quadrifilar spiral arrays on normally magnetised ferrite substrates. The effects of the ferrite dispersion
and gyrotropy on the transmittance and reflectance characteristics of the right (RCP) and left (LCP)
circular polarised incident waves are discussed and illustrated by simulation results.
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2. Intertwined quadrifilar spiral arrays on ferrite substrates

The doubly periodic arrays of intertwined quadrifilar spirals described in [4] are formed by extending
the arms of a reference spiral into the gaps between the spiral arms in the adjacent unit cells. Four ad-
ditional strips are counter-wound inside the basic reference spiral in the unit cell as shown in insert of
Fig. 1(a). It is important to note that the counter-wound spiral arms not only increase the total capaci-
tance but also produce negative mutual inductance, which reduces the total inductance of the unit cell.
The ferrite substrate also has qualitatively different effect on the unit cell capacitance and inductance
because the ferrite permittivity is constant in the frequency range of interest, whereas the permeability
may rapidly vary with frequency. Therefore the interwoven spirals on ferrite substrates open new in-
teresting opportunities for shaping the array resonance response by tailoring the capacitive and induc-
tive reactances of the unit cell somewhat independently.

In order to gain insight in the effect of ferrite substrate on the properties of the intertwined spiral ar-
rays, their transmittance and reflectance have been simulated in CST Microwave Studio. In the case of
ferrite substrate magnetised normally to its surface (along the z-axis), the relative permeability is de-
scribed by the Polder tensor
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an internal dc magnetic bias, AH is the ferromagnetic resonance linewidth, 470 - the saturation mag-

netisation of ferrite and the gyromagnetic ratio 3=5.62<10°radxs'/Oe. To discriminate the magnetic
effect of the ferrite substrate, its relative dielectric permittivity was artificially set at £=1.

The RCP and LCP waves represent a natural set of eigenwaves travelling in gyrotropic medium along
the magnetisation direction. Since the stand-alone entwined spiral arrays exhibit polarisation invari-
ance in a broad range of incidence angles [4], the scattering characteristics of RCP and LCP waves can
be analysed separately in order to elucidate the main properties of the resonance response of the inter-
twined spiral arrays on ferrite substrates.
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Fig. 1: Transmittance and reflectance of RCP and LCP plane waves at normal incidence on the intertwined quad-
rifilar spiral array on ferrite substrate: (a) magnitude and (b) phase of the transmission 7 and reflection R coeffi-
cients. The square unit cell shown in the insert has the size p = 5.7 mm and contains 5-fold fully intertwined spi-
rals with the widths of strips (s) and gaps (g) equal s=g=0.15 mm. The ferrite substrate of thickness 1 mm has the
following parameters: 47zM=1780 Gs, H;=893 Oe, AH=70 Oe, permittivity & = 1.
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3. Simulation results and discussion

The simulation results presented in Fig. 1 demonstrate that the permeability of ferrite substrate has
strong impact on the array characteristics at the frequencies close to the ferromagnetic resonance,
= wy, and in the range wy < w < wytawy, corresponding to the bandgap of RCP wave in ferrite me-
dium. Indeed, as expected the RCP wave in the normally magnetised ferrite layer exhibits higher re-
flectance and resonant absorption at @ — wy-0, whereas the array response to the LCP wave is just
weakly perturbed by the ferrite permeability, see the transmittance phase plots in Fig. 1(b). However at
frequencies @ > @y, the reflectance and transmittance of both LCP and RCP waves qualitatively differ
from those for a ferrite layer or a stand-alone entwined spiral array. In the frequency band

W, <O<W, =0, (a)H +w,, ), a fine pattern of the entwined spirals’ near-field created in the ferrite

substrate facilitates excitation of the volume spin waves, which render the resonance transmittance at
the frequencies of the RCP bandgap. Even though the transmittance resonances of both LCP and RCP
waves are well correlated, the RCP wave exhibits considerably smaller reflectance and greater phase
variations which can be attributed to its stronger coupling to the spin waves in the ferrite substrate. It
is noteworthy that the cross-polarisation between the RCP and LCP waves remains very low, less than
-40 dB, at normal incidence and its peak values increase to about -15 dB at oblique incidence of 45°
across the entire frequency range presented in Fig. 1.

Since the ferromagnetic resonance frequency is determined by the dc magnetic bias, @y can be tuned
close to the frequency of the topological resonance of the intertwined spiral array. In this case, the
FBW of the RCP reflectance dramatically increases without inflicting significant increase of losses as
can be observed in Fig. 1(a).

Finally, it is necessary to remark that the excellent angular stability of the intertwined spiral array ob-
served for the stand-alone arrays proved to be unaffected by the presence of the ferrite substrate in the
entire range of the considered frequencies including the ferromagnetic resonance and bandgap. As il-
lustrated in Fig. 1(a), the transmittance and reflectance magnitudes calculated at normal and 45° wave
incidence are practically indistinguishable for both RCP and LCP at all the simulated frequencies.
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