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In this letter we present simulation and experimental results of a left-handed converging biconcave
metallic lens made of stacked subwavelength hole arrays (SSHAs) working in the millimeter wave
range with additional features of polarizer and frequency filter. The converging behavior of the
biconcave metallic lens, in contrast with focusing biconvex dielectric lenses, comes as a result of the
negative index of refraction that characterizes double-negative metamaterials made of SSHAs. The
presented results may find application in the design of lenses and devices both in the microwave,
infrared and optical ranges. © 2009 American Institute of Physics. [DOI: 10.1063/1.3118585]

Artificial dielectrics based on arrangements of metallic
waveguides were extensively applied for lens antennas appli-
cations since the mid-20th century.1 Unlike natural dielec-
trics whose effective index of refraction is greater than one,
the effective index of refraction of these structures remains
positive but smaller than one. Therefore, a concave lens pro-
file is necessary in order to focus, instead of convex profiles
of natural dielectric lenses.

Metamaterials and extraordinary transmission (ET) are
two recent milestones that have garnered much interest in the
last decade.>™ Plasmons were initially thought to play a fun-
damental role in the enhancement phenomenon of ET.* How-
ever, further theoretical studies in perfect conductors’ and
experiments in microwaves® showed that surfaces waves pro-
vide a more general explanation.7’8 By just close-stacking ET
screens, a low-loss ET metamaterial (ETM) at millimeter
waves has been demonstrated.”'’

Nowadays, double-negative metamaterials (DNMs) in
optics are being extensively studied. However, losses are a
big concern in this regime. To alleviate this drawback some
topologies have been proposed such as stacked perforated
plates called Fishnet,l ‘2 Which in essence is an ETM, or
semiconductor-based multilayer. 13

That light displays negative refraction in a particular sort
of metamaterials called DNMs emerges from the fact that
they exhibit negative index of refraction, n=(gu)"2<0.'*"
Veselago predicted back in 1968 that a slab of thickness d,
made of a medium with n=—1 can focus in a focal point the
radiation of another point source located at a distance /<d
from the slab, see Ref. 14. Nevertheless, that lens cannot
focus rays coming from the infinite. Therefore, as for con-
ventional lenses, one needs to design the geometrical lens
profile in order to achieve the above desired property. An
exceptional property of such a planar DNM slab is its capa-
bility to behave as a “perfect lens,” see Ref. 16.

The main constrain to achieve a three-dimensional (3D)
perfect lens is the requirement of a negative index of refrac-
tion both in the longitudinal and in the transversal directions.
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One way to circumvent the restriction is by allowing a nega-
tive index of refraction just in the longitudinal direction and
by giving once again a profile to the lens. In this case, the
combination of electrical path lengths and geometries acts as
a phase transformer, requiring a negative refractive index
only in the longitudinal direction.

In this letter, we experimentally report the viability of
constructing a 3D freestanding biconcave DNM lens by
close-stacking cut-off hole arrays, see Fig. 1. With the pa-
rameters given in the caption, ET takes place at around 57
GHz."” The nonconventional convergence behavior by a bi-
concave profile is supported by the negative index of refrac-
tion of the structure as the dispersion diagram predicts for
the infinite structure. Although this structure resembles metal
waveguide lenses, the difference relies on the fact that these
accelerate the incoming wavefront by working 1n propaga-
tion with positive index of refraction 0<n<1,""* whereas
our proposed structure operates in electrically coupled cut-
off artificial waveguides which support a complex mixture of
TEM, TE, and TM waves.!” Note that interferometric tech-
niques and inverse Snell’s law experiments have been previ-
ously used to claim that SSHAs is a one-dimensional
DNM.>'%120 Fyrthermore, just negative refraction lenses
with constant or gradient index have been constructed using
metamaterials or photonic crystals with at least one flat

%3 mm

dy=5 mm

FIG. 1. (Color online) Picture of the fabricated prototype and sketch of the
experimental setup. (Inset) Unit cell whose parameters are d,=3 mm, d,
=5 mm, d.=1.5 mm (=0.3\), and ¢=2.5 mm.
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FIG. 2. (Color online) Longitudinal dispersion diagram and index of refrac-
tion (n.) of the structure.

face,2""? highlighting the original approach of this paper.

Usually, the phenomenon of reflection in geometrical op-
tics can be mathematically studied by modeling a perfectly
reflecting surface as a bulk material with a refractive index
n=-1 and then %nglying directly the Snell’s law of refraction
to the interface”®* and therefore DNMs really give form to
this abstract idea. In fact, when shaping with a parabola the
interface of a standard medium, say air with n=1, and a
homogeneous DNM with n=-1, and using as a emitter a
point source on the focus of the parabola, the rays emerging
from the source diverge as spherical waves until they reach
the interface. Then, applying Snell’s law, the rays propagate
parallel in the metamaterial, by virtue of the imposed para-
bolic shape. The same procedure, but the other way round,
takes place in the second interface. In the particular case
when there is impedance matching between the two media,
which is attainable dealing with metamaterials, waves can
traverse the lens without any reflection.

We computed numerically the dispersion diagram of the
infinite metamaterial by CST MICROWAVE STUDIO™ to evalu-
ate the index of refraction of our structure, see Fig. 2. The
first band of the SSHA structure emerges around the ET fre-
quency and has a negative slope, i.e., phase velocity is op-
posite to the group velocity or, equivalently, negative refrac-
tion in the z-direction with n=-1 at 53.5 GHz. As can be
inferred from Fig. 2, this type of lens has limited bandwidth
due to the dispersion imposed by causality and Kramers—
Kronig relations>* and, thus, chromatic aberration is present.
Moreover, due to its nature, a SSHA cannot be described as
a homogenized metamaterial and is strongly anisotropic.
Thus, the index of refraction index also depends on the angle
and the previous discussion is valid only for a range of
angles around 0°. As the angle deviates from 0°, the ET band
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FIG. 3. (Color online) Transmission coefficient for one plate (dark curve)
and the biconcave DNM lens (red curve).

is shifted in frequency and also the refractive index is modi-
fied, as shown in Ref. 25.

The planoconcave lens was designed and fabricated with
the parameters shown in Fig. 1. The whole structure, includ-
ing the frame for the assembly, had maximum dimensions of
125X 115X 45 mm?.

The geometrical profile was achieved by a stepwise ap-
proximation of the smooth paraboloid with focal parameter
p=2f=100 mm, where f is the distance from the vertex to
the focus, that is, the focal length, see Fig. 1. The fabricated
prototype was designed to have f=50 mm, but experimen-
tally was measured at f=45 mm.” Thus, the lens is workin
in the radiating near-field, since 0.62(D3/\)%3~365 mm,’
where D is the largest dimension of the paraboloid. Further-
more it can only focus vertical polarization because of the
rectangular periodicity.

In the experiment, the structure was illuminated by an
open-ended waveguide approximating a point emitter that
emits a quasispherical wave which reaches the lens face-
front, reshapes to a plane wave, arrives at the second inter-
face and recovers the quasispherical feature. In the image
space the spatial electric field intensity distribution was
scanned with another open-ended waveguide both in E-plane
(yz-plane) and H-plane (xz-plane) for z,,=30, 45, 50, and 75
mm. Our calibration procedure consisted in measuring the
transmission between both open waveguides properly plac-
ing the receiver at each of the considered distances. This is
the reference we used to compare the enhancement when we
inserted our engineered structures. The experimental results
following this procedure are shown in Figs. 3 and 4.

A clear transmission enhancement around the ET band
emerges when the biconcave lens is inserted between the
transmitter and receiver in the case when both waveguides
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FIG. 4. (Color online) Normalized simulated and measured power intensity distribution for the biconcave DNM lens at 54.2 GHz along principal z-axis (a),
and x- (b) and y-axis (c) at the image plane. Spatial power intensity distribution in xz-plane [inset panel (b)] and yz-plane [inset panel (c)].
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are located at the experimentally found focus (f=45 mm),
see red curve of Fig. 3. Defining the transmitted power
enhancement by 7T.,,=10-10g;0(PR_jens/ PR_free-space)s Where
PR _ens 18 the power received with the lens and Pg_gree-space

is the power received when only the two open-ended
waveguides are present, the measured lens enhancement is
10.7 dB and 6.3 dB at 54.2 GHz and 57.1 GHz, respectively.
The former maximum can be related to the frequency at
which the index of refraction is n=—1. We expected it at 53.5
GHz, but the frequency shift can be explained taking into
account that (a) we are working in propagating near-field and
(b) the central part of our structure does not totally fulfill the
effective medium approach because it is composed of only
two stacked perforated plates, so the calculated index of re-
fraction is an approximation to the real one. The peak at 57.1
GHz is linked to having an index of refraction to n=0, but
the study of this feature is beyond the scope of this paper.
Figure 3 highlights as well the frequency filtering behavior
of this lens.

We also measured the received power when a single hole
array is in the path, see dark trace of Fig. 3. Comparing the
enhancement with respect to the single holey plate we obtain
7.3 dB and 8.0 dB at 54.2 and 57.1, respectively.

In a symmetrical biconcave lens, an image focus is ex-
pected to be located at the same distance as the source. This
is confirmed in Fig. 4(a) where normalized measured power
intensity distributions are shown along the principal axis of
the lens at 54.2 GHz. A clear maximum intensity is recorded
for z,,=45 mm.

Normalized measured power intensity distributions
along transverse directions at the image plane at 54.2 GHz
are shown in Figs. 4(b) and 4(c). In the transversal directions
y-and x-axis the full width at half maximum are 4.6 mm
(0.8\) in both cases, whereas in the z-axis we cannot provide
a figure from the experimental results because of the coarse
step used.

As a further step and for comparison purposes, we simu-
lated with CST MICROWAVE STUDIO™ our real 3D structure
under a dipole source illumination. The normalized power
intensity along the z-axis is shown in Fig. 4(a), and the
power intensity along the x-and y-axis at z=42.5 mm (the
distance of the simulated maximum power) is also plotted in
Figs. 4(b) and 4(c), respectively. These simulation results are
in excellent agreement with the experimental ones since the
foci are located at z=42.5 mm and the transversal power
intensity undergoes a distribution similar to the measured
one, with two prominent side lobes in the H-plane (xz-plane)
and two smaller side lobes in the E-plane (xy-plane). Only a
slight disagreement between simulation and experiment re-
garding the width of the main lobe in the E-plane (yz-plane)
is noticeable, but this could stem from the different illumi-
nation between a quasi-isotropic source as a dipole and an
open-ended waveguide.

Appl. Phys. Lett. 94, 144107 (2009)

In summary, we have demonstrated a 3D biconcave
DNM lens with additional features of linear polarization and
frequency filtering that extends the concept of old metallic
waveguide lenses. Moreover, the results here presented sug-
gest that the converging behavior of this type of lens is gov-
erned by the parabolic profile and the negative index of
refraction in the longitudinal direction of the ETM, indepen-
dently of the index of refraction in the transversal directions.
This fact lightens the complexity of constructing a 3D per-
fect lens since in a planar metamaterial slab an index of
refraction n=—1 in all the directions is required to achieve
focusing. Finally, this result opens the possibility to design
similar biconcave devices in the terahertz and optical wave-
lengths by simply down-scaling the structure.

This work was supported by Spanish Government under
contract Consolider “Engineering Metamaterials” Contract
No. CSD2008-00066.
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