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Abstract — Using structures of subwavelength metallic capped helices with both negative electric and
magnetic couplings, we demonstrate a broadband negative mode index metasurface. Numerical and
experimental results are presented for the structure with negative dispersion bandwidth of 44%
compared to the resonant frequency of individual capped helices. Optimisation of such structures in
terms of their size, element geometry and operational passband width is demonstrated.

I.  INTRODUCTION

Negative refractive index materials were first theoretically proposed in the work of V. Veselago [1] as those
that possess simultaneously negative electric permittivity (¢) and magnetic permeability (x). Waves that
propagate in any medium characterized by a negative refractive index have wave-fronts (k) that move in the
opposite direction to the energy flow (S). The possibility of realising such material was suggested in the works
of Sir J.B. Pendry and co-workers [2], who proposed a structure that combines negatively magnetically coupled
meta-atoms [3] together with metallic rods that operate below their effective plasma frequency [4]. The
experimental realisation of negative index propagation in these structures was demonstrated by D.R. Smith et al
[5]. Different geometries of meta-atoms have been studied since then including split ring resonators (SRRs)
[5, 6], Swiss rolls [7] and helices [8]. Negative index structures have been demonstrated for frequency ranges
from microwave [5-8] to infrared [9-10].

One can also study the negative index propagation of modes on structured surfaces and the ‘Sievenpiper
mushroom’ structure [11] which is a well-known example of such a metasurface. While originally studied to
offer an artificial magnetic conductor (AMC) boundary condition for antenna systems, it has also been
demonstrated to support negative mode index for surface waves across a narrow bandwidth [12]. It was shown
that negative index structures can be useful for such applications as perfect lenses [13], cloaking devises [14]
and in the wavelength division multiplex (WDM) systems based on negative index metamaterials [15].

Although a variety of approaches and geometries have been proposed over the last decades, the general
drawback of such structures has been the narrow operational bandwidths. The widest operational band, to the
best of our knowledge has been reported in [13] where about 20% bandwidth compared to the resonant
frequency has been achieved.

An array of helices, with axes arranged parallel to each other and orthogonal to a ground plane, provides
negative coupling between them. This results in negative dispersion which was demonstrated in [8]. If
conductive ‘caps’ are placed on the top of these helices, the coupling may also become electric but it should still
be possible to observe the negative mode index as in mushroom structures [12]. In this work we explore a
structure of capped helices that combines negative magnetic and electric couplings. As a result, this strong
subwavelength structure provides an extremely broad negative index mode that is significantly wider than those
presented in the literature when compared to their wavelength. In addition we discuss the possible ways to
broaden the negative index band even further.

II. SURFACE OF CAPPED HELICES

To realise both negative electric and magnetic couplings in the array of capped helices we propose the
structure demonstrated on Fig. 1 (a). The holes in the metal caps are left in order to minimise the magnetic field
shielding and thereby conserve the magnetic coupling provided by the array of helices. A hexagonal geometry is
chosen in order to provide a near isotropic in-plane response and the ground plane has been introduced to
simplify the assembly of the elements.

The structure has been 3D-printed using selective laser melting (SLM) of a titanium alloy (Ti 6Al1-4V). The
resistivity of the printed structure p = 1.12 £ 0.02 pQm was determined based on measuring a 30 x 1 x 1 mm bar
built using the same SLM process and material, using Keithley high precision multimeter. Helices have been
manufactured in groups of 7 in a hexagonal arrangement as shown on Fig. 1 (b), and then assembled into the 2D
array. Parameters of the helices as given in Fig. 1(a) are: outer diameter of helices D = 2.6 mm, diameter of
holes d = 1.2 mm, width of holes and
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Fig.1. Left: COMSOL model for the unit cell of the Fig.2. Numerical equienergy contours for surface
capped helix array. D = 2.6 mm, d = 1.2 mm, modes supported by the capped helices structure. Unit

w=0.65, H=4.5 mm. cell presented on Fig.1.
Right: photo of 3D printed structure composed of 7
capped helices.

helix wires w = 0.65, height of the structure H = 4.5 mm, number of turns n = 3.5. Helices have been arranged
on the ground plane so that the distance between the top caps g = 0.2 mm. The resulting size of the unit cell in
this case is D + g = 2.8 mm. These parameters have been chosen to provide the widest possible operational
band of the negative index surface mode, while taking into account the manufacturing limitations. It is also
important to note that the structure is subwavelength with the height comprising from 5.1 to 8.1% of the
wavelength at operational frequencies.

Numerical results for the dispersion of such structure have been obtained using finite element method (FEM)
numerical simulations in COMSOL Multiphysics package. In Fig. 2 one can see that 2 waves are going to
propagate in this structure: a forward one that goes follows closely the light line and a negative index surface
wave over the frequency range between 3.4 and 5.4 GHz. This frequency range comprise 44% of the resonant
frequency of individual helix, fo = 4.5 GHz, which is, to the best of our knowledge, the widest one reported in
the literature. As the structure has hexagonal symmetry so does the dispersion, however the response is nearly
isotropic-in-the-plane at almost all operational frequencies.

In order to experimentally determine the eigenmodes of the structure we have arranged a linear array of 20
elements (schematically shown on the insert of Fig.3). Instantaneous electric field profile of the surface waves
that are excited from a point probe source located at the edge of the sample have been measured using the
nearfield electric probe positioned at 0.2 mm distance above the top of the caps at the frequency range between
2 and 6 GHz. The probes have been connected to port 1 and port 2 of a vector network analyser. Fourier
transform
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Fig. 3. Normalised experimental and numerical (red Fig. 4. Numerical equienergy contours for surface
triangles) results for the 1* Brillouin zone backward modes supported by the capped helices structure with
wave dispersion in the chain of capped helices shown increased bandwidth. Unit cell presented on the
on the insert. insert.



is then performed upon this spatial electric field distribution, with the magnitude of the Fourier terms indicative
of the wave vector components strength present in the spatial field measurement. Experimental and
numerical results for the backward wave dispersion are shown to be in the good agreement with each other
(Fig. 3). The band splitting at negative wave dispersion that can be observed at 4.7GHz correspond to the large
scale (2.65D) periodicity of our structure.

In order to maximise the bandwidth even further, both electric and magnetic couplings between elements
should be increased. In order to increase the magnetic coupling, magnetic flux overlap between helices should
be maximised. For that we should make the outer diameter of helices larger, and reduce the helix wire diameter.
To maximise the electric coupling the gaps between elements should be made as small as possible compared to
the wavelength. For instance numerical modelling has suggested that an improved capped-helix structure
(shown on Fig.4) withn =6, D = H=4.5 mm, d = Imm and g = 0.1 mm, supports a negative index surface
mode with the operational band from 0.57 to 1.53 GHz, that is 83% of the resonant frequency.

CONCLUSIONS
A metasurface comprised of capped helices that supports a broadband negative-index surface-waves has
been demonstrated numerically and experimentally between 3.4 and 5.4 GHz representing an operational band
of 44% of the resonant frequency of individual element. This is more than double the bandwidth of that of
structures previously reported in literature [16]. Suggestions are offered for ways to widen the operational band
even further, with a specific geometry offering 83% bandwidth have been demonstrated.
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