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Abstract: Lenses are used for multiple applications, including communications, surveillance and
security, and medical instruments. In homogeneous lenses, the contour is used to control the
electromagnetic propagation. Differently, graded-index lenses make use of inhomogeneous materials,
which is an extra degree of freedom. This extra degree of freedom enables the design of devices with
a high performance. For instance, rotationally symmetric lenses without spherical aberrations, e.g.,
the Luneburg lens, can be designed. However, the manufacturing of such lenses is more complex.
One possible approach to implement these lenses is using metamaterials, which are able to produce
equivalent refractive indices. Here, we propose a new type of three-dimensional metamaterial formed
with two independent sets of wires. The double-mesh twin-wire structure permits the propagation of
a first mode without cut-off frequency and with low dispersion and high isotropy. These properties
are similar to periodic structures with higher symmetries, such as glide symmetry. The variations
of the equivalent refractive index are achieved with the dimension of the meandered wires. The
potential of this new metamaterial is demonstrated with simulated results of a Luneburg meta-lens.

Keywords: glide symmetry; meta-lens; double-mesh; wire medium; broadband response; isotropic
response; metamaterials; Luneburg lens

1. Introduction

Many emerging technologies, e.g., high-resolution radars [1], and the next generation
of mobile communications [2], are expected to operate at higher operational frequencies
(above 15 GHz). At these frequencies, the propagation loss is high. To mitigate this loss,
high gain antennas must be used. In some of these applications, an angular coverage is
also requested; therefore, these high-gain antennas require beam steering where low scan
losses are an asset.

A directive beam can be produced with a lens antenna. This type of antenna employs a
lens to shape the radiation from a feeding element. Typically, the feeding element is placed
at the focal point/line of the lens, and the lens transforms the radiation from the feed into a
planar wave. A wide angular beam coverage with low scan losses can be obtained using
rotationally symmetric lenses with multiple feeds placed along the focal line [3]. Due to
the simple feed system, lens antennas can be cost-effective at high frequency [4,5]. For
example, in [1], a homogeneous spherical lens antenna with low scan losses in a 180° range
is proposed. Similarly, in [6], a wide scanning homogeneous cylindrical lens antenna is
designed. While a wide scan range is obtained in these homogeneous lenses, they suffer
from spherical aberrations leading to low aperture efficiency and high side lobes. To
overcome these limitations, a graded index lens can be used.

In a graded index lens, the refractive index varies as a function of space. Traditionally,
graded index lenses were difficult to manufacture. Three-dimensional (3D) graded index
lenses were manufactured in concentric hemispherical layers, which is inconvenient and
costly [7,8]. Recently, it has been demonstrated that 3D graded index lenses can be manu-
factured using additive manufacturing (i.e., 3D printing) by spatially varying the density
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of the deposited dielectric material [9-14]. However, the use of dielectric introduces losses
that are prohibitive at high frequency. A mostly metallic 3D-graded index lens is designed
in [15]. However, the designed lens exhibits strong anisotropy, which degrades the scan-
ning performance of the lens. Alternatively, two-dimensional (2D)-graded index lenses can
be realized using concentric dielectric cylinders [16,17] or mimicked with quasi-periodic
structures [18-23] or geodesic surfaces [5,24-26]. However, the scanning is reduced to one
dimension in the 2D lenses. Furthermore, the aperture of the 2D lenses is limited in one
direction, which makes it difficult to reach gain values above 30 dBi.

Although fully-metallic 3D printers are still expensive, researchers are actively work-
ing to make this technology cost effective [27,28]. A cheaper solution is to produce fully
metallic structures with metallic coating [29-31]. With these techniques, fully metallic
complex 3D structures can be manufactured, which allows for the design of cost-effective
metallic 3D-graded index lenses. The wire mesh is one such complex structure that has
received attention by researchers due to its exotic electromagnetic behavior [32-34]. A
single-wire mesh structure has all its metallic wires connected, which results in the structure
having a cut-off frequency. The propagating modes in this structure are highly dispersive,
and it is therefore not suitable for lens design. On the other hand, a double-wire mesh
structure has two independent wire meshes and can support wave propagation without
cut-off frequency with moderate dispersion [34].

In this paper, we investigate the double-mesh twin-wire structure. We demonstrate
that the dispersion can be reduced by off-shifting the two wire meshes with half the
period in three Cartesian directions, similar to what has been observed in glide-symmetric
structures [35-37]. We apply this double-mesh twin-wire structure in the design of a fully
metallic graded index Luneburg lens.

2. Dispersion Analysis of the Double-Mesh Twin-Wire Structure

To aid in the fundamental understanding of the structure behaviors, we demonstrate
the evolution of the proposed double-mesh twin-wire unit cell in Figure 1 and study the
corresponding dispersion characteristics of those evolutionary geometries by examining
their isofrequency contours in Figure 2. As depicted in Figure 1a, the proposed structure is
derived from a meandered version of the single-mesh connected wires [32] that can be seen
as a 3D extension to the meandered crossed-microstrip-line-based ’fishnet’ metasurface
studied in [19]. To simplify the parameterization of the unit cell, the mean path of a
meandered wire with diameter d is defined to be a sine shape S(v) = Asin (Nvr/p)
(v = x,y,z), with p and N being the period and the number of turns within one period.
The same definition of geometric parameters also applies to the structures in Figure 1b,c.
As revealed by the varied contours with different cutting planes in Figure 2a, the lack of
spatial symmetry of this structure leads to a strong anisotropy that hinders its use for
3D lens designs. To enhance symmetry in all spatial directions, another set of wires is
added to connect and pair with the original one in each axis, thus a twin-wire mesh is
constructed, as illustrated in Figure 1b. Although an improvement of isotropy is evidenced
in Figure 2b, the wave propagation inside this structure undergoes severe dispersion due to
the presence of cut-off frequency that yields the hyperbolic contour lines. To overcome this
problem, an additional copy of the twin-wire mesh is introduced and transposed by half
the period in all three Cartesian directions, as shown in Figure 1c. Since the two meshes are
disconnected, there is no cut-off frequency, leading to low dispersion and isotropy over a
wide bandwidth, as indicated by the spherical contours and their equidistant progression
in Figure 2c. Similar phenomena are also reported in [33,34], where these disconnected
wire meshes are framed into the so-called ‘non-Maxwellian” media. As an alternative
viewpoint, one may find an analogy to higher symmetries [38—41], and in particular to
glide [37] and 1D twist symmetries [42,43]. When glide symmetries are adequately applied
to metasurfaces, they increase the effective refractive index of the unit cells, reduce their
dispersion, and increase their isotropy [35,37]. These distinctive properties make 2D glide-
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symmetric structures a suitable candidate for lens applications [20,23,44,45], motivating us
to further explore the proposed double-mesh wire medium for 3D meta-lenses.
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Figure 1. Evolution of double-mesh twin-wire unit cell: (a) single-wire unit cell; (b) twin-wire unit
cell; (c) double-mesh twin-wire unit cell. The mean path of the meandered wire is described by
S(v) = Asin(Nvmt/p) (v = x,y,z). p is the period of the unit cell and N stands for the number of
turns within one period (N = 1 in all present schematics).
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Figure 2. Dispersion analyses of: (a) single-wire unit cell; (b) twin-wire unit cell; (c) double-mesh
twin-wire unit cell. The dimensions, as denoted in Figure 1, are A = 0.1mm, N = 1, p = 1mm, and
d =0.1mm.

A graded-index lens tailors the wave propagation by spatially varying the (effective)
refractive index inside the lens medium that provides a sufficiently large tuning range for
the index. In a meta-lens, this is usually achieved by locally modifying the geometrical
details of the unit cell comprising the medium. In Figure 3, we present a parametric study
of the effective refractive index of the proposed unit cell. We investigate the impact of the
three main geometrical dimensions A, d, p.
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Figure 3. Effective refractive index of the double-mesh twin-wire unit cell as a function of: (a) period
p; (b) diameter of wire d; (c) amplitude of undulation A. The solid lines represent the data for T'X,
and the dashed lines for TR. Unless otherwise specified, the dimensions are A = 0.2mm, N = 1,
p = 1mm, and d = 0.06 mm.

In Figure 3a, the effective refractive index for different periods p of the double-wire
mesh structure is presented. The period is found to determine the upper limit of operat-
ing frequency, beyond which the effective refractive index starts to be dispersive. This
frequency dependency is attributed to the fact that the structure can no longer be homoge-
nized into an effective medium for its larger periodicity in comparison to the wavelength
at higher frequencies. It is worth noting that the period is not easily varied throughout a
graded index lens. In Figure 3b, the effective refractive index for different wire diameters
d of the double-wire mesh structure is presented. Changing the wire diameter changes
the capacitance of the structure. However, the wire diameter offers only moderate control
of the refractive index and cannot be used to design lenses that require a large refractive
index range.

The effective refractive index for different amplitudes A of the double-wire mesh
structure is presented in Figure 3c. A refers to the amplitude of the undulations of the
metallic wires. Therefore, when A = 0, the wires are straight. The effective refractive
index elevates with larger values of A owing to the increased phase delay induced by the
sinusoidal meander that enforces the wave to transmit along a longer path, or, in other
words, this length increases the inductance. Therefore, when A = 0, the value of the
effective refractive index is the smallest, thus it is regarded as the design reference. As
shown in Figure 3c, changing A alone from 0.1p to 0.4p gives an index range of around
1.4, readily sufficient for implementing a Luneburg lens profile n(r) = ngy/2 — (r/R)? (R
being the lens radius and ng the refractive index of the background material, same as that
at the periphery of the lens) [46], as discussed in Section 3. Following the same rationale,
this range can be further extended for other profiles such as Maxwell fisheye lenses by
introducing additional meander turns within the unit cell, i.e., increasing N.

3. Design of Luneburg Lens

Now, we design a 3D Luneburg lens operating up to 30 GHz based on the proposed
unit cell with tailored sinusoidal amplitudes. According to the parametric studies in
Figure 3a, the period is chosen to be p = 1 mm for a good homogenization below 30 GHz.
The lens radius R is set to be R = 20.5mm, containing 41 unit cells in its diameter. This
configuration produces a fine Cartesian discretization of the ideal index map, as depicted
in Figure 4a. To implement this discretized map, the sinusoidal amplitude of the wires in
the unit cell is gradually reduced with an increasing distance r from the lens center, and
it becomes zero, i.e., the wires are straight, in the lens outer surface. Since the curves of
refractive indices in Figure 3c are almost non-dispersive, the dimensional synthesis is not
subject to a strong frequency dependency. Here, it is performed at 24 GHz based on the
effective refractive index (normalized to the minimum value of n = 1.4646) as a function of
the amplitude A, as provided in Figure 4b. In Figure 4c, we synthesize a dimensional map
of the sinusoidal amplitude required at each spatial location in the lens. The full structure
of the designed lens is visualized in Figure 5.



Appl. Sci. 2021, 11, 7153

50f 8
15 1.6 ——
~IX] y 0.35
. —I'R
g =14
Z A2
1 1 To—v ! g
-1 05 0 05 1 0 0.1 02 03 04 -1 -05 0 05 1
m/R A gj/R
@ (b) ©

Figure 4. (a) Discretized refractive index of Lens. (b) Normalized effective refractive index as a
function of A at 24 GHz. (c) Synthesized dimensional map of the meta-lens.
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Figure 5. (a) 3D synthesized meta-Luneburg lens (with zoom-in view of some unit cells). (b) Disper-
sion diagram of unit cell with different boundary conditions; the dimensions as denoted in Figure 1a
are p = 1mm, A = 0.2p, and d = 0.06p, while the solid lines represent the data for I'X and the
dashed lines for TM. The unit cell is defined to be the one in Figure 1c off-shifted by half the period
in the x/y/z-directions. (c) Equivalent 2D synthesized meta-Luneburg lens (with zoom-in view of
port and its field distribution).
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The design of the meta-lens is validated by full-wave simulations in CST Microwave
Studio. We note that the propagation characteristics in the I’XM-plane is very similar if the
periodic boundary conditions along Z are replaced with perfect magnetic conductor (PMC)
boundaries, as demonstrated in Figure 5b. Therefore, it suffices to analyze one slab of the
lens with PMC boundaries on the top and bottom, as illustrated in Figure 5c. Additionally,
the modal field in the twin-wire structure at the boundary of the lattice is TEM-like, similar
to the field in a coaxial transmission line. This allows us to excite the lens with a simple
feeding structure such as the coaxial port, as illustrated by the inset of Figure 5c.

Note that, since the mode supported by the lens is confined between the metallic
wires, it is inherently mismatched from the one in free space. For ease of demonstration,
we embed the lens in an effectively homogeneous background composed by the straight
wires with A = 0, i.e., the same as those in the lens exterior. In this way, we obtain the
absolute value of electric field |E| contours in the cutting plane z = 0 as in Figure 6. Here,
the lens produces a uniform wavefront and aperture illumination across a wide operating
bandwidth from DC to 30 GHz, although only 12-24 GHz are explicitly exemplified for
better visualization. This confirms the good isotropy and low dispersion of the proposed
double-mesh wire structure studied in Section 2.

The results in Figure 6 are obtained with absorbing boundary conditions around the
wire structure. Furthermore, the lens is surrounded by unit cells of the same dimensions as
the one on the edge of the lens. This is done to avoid reflections at the border of the lens. In
order for the Luneburg lens to be used as an antenna, a structure that matches the mode of
the wire mesh to the one in free space must be added around the lens. The design of the
matching structure is a future work and is out of the scope of this paper.

Max
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@ (b) ©

Figure 6. Full-wave simulated absolute value of E-field in the meta-lens whose background is filled
with the same unit cell as in the lens exterior at: (a) 12 GHz; (b) 18 GHz; (¢) 24 GHz. The lens
circumference is outlined by a dashed line.

4. Conclusions

We propose a 3D double-mesh twin-wire metamaterial for meta-lenses by introducing
additional symmetries in the conventional wire medium. The proposed structure exhibits
excellent isotropy and low dispersion over a wide bandwidth without a cut-off frequency.
In addition, it provides a wide range of the effective refractive index designable by geometry.
These distinctive features are well corroborated by a Luneburg lens that is engineered
based on such structure.
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