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Hyperbolic metamaterials can manipulate electromagnetic waves by converting evanescent waves into propagating waves and
thus support light propagation without diffraction limit. In this paper, deep subwavelength focusing (or power concentration)
is demonstrated both numerically and experimentally using hyperbolic metamaterials. The results verify that hyperbolic
metamaterials can focus a broad collimated beam to spot size of ∼λ0/6 using wired medium design for both normal and oblique
incidence. The nonmagnetic design, no-cut-off operation, and preferred direction of propagation in these materials significantly
reduce the attenuation in electromagnetic waves.

In conventional materials, focusing is diffraction limited due
to the loss of evanescent waves which carry subwavelength
information. Therefore, projecting a subdiffraction-limited
image would require the recovery of the evanescent waves.
The negative index material (NIM), which simultaneously
has negative permittivity and negative permeability, was first
theoretically studied by Veselago in 1968 [1]. Many years
later, Pendry theoretically investigated that a slab of NIM
can be used to make a “perfect lens” [2]. Since then, various
designs have been explored, and negative refraction has been
demonstrated from microwave to optical frequencies [3–9].
The realization of a lens using NIM in practice is rather
difficult as negative values of ε and μ are very sensitive to fre-
quency, and ideal condition can only be satisfied at carefully
selected frequencies. Some properties of the NIM are based
on the resonance of the magnetic component of electromag-
netic (EM) wave and thus suffer from energy loss due to the
dissipation at the resonances, which reduces the resolution of
an imaging system significantly [10–12]. Recently, negative
refraction effect and imaging by negative refraction were
proposed and demonstrated in indefinite metamaterials [13–
22]. Indefinite metamaterials are anisotropic material, in

which one or more components of the permittivity tensor
have negative sign while others are positive, which results in
hyperbolic dispersion relation. These materials are therefore
also called hyperbolic metamaterials (HMMs). In a two-
dimensional imaging system (assuming that the material is
nonmagnetic), the dispersion relation can be expressed as
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where ω is angular frequency, and c is the speed of light
in free space while kx, kz, and k0 are the wavenumbers (or
spatial frequencies) in the transverse direction x, propagation
direction z, and free space, respectively. Compared with
the circular dispersion relation in a conventional isotropic
material (Figure 1(a)) and elliptical relation (Figure 1(b)) in
anisotropic material with finite permittivity (εx, εz > 0),
the dispersion curve for an indefinite metamaterial (εx > 0,
εz < 0) is hyperbolic as shown in Figure 1(c). From (1), we
have

kz =
√
√
√
√εx

(

k2
0 −

k2
x

εz

)

. (2)



2 International Journal of Optics

kx

k

kz

(a)

kx

k

kz

(b)

kx

k

kz
θ

(c)

Figure 1: (a) Equifrequency surface diagram for an isotropic medium (εz = εx). (b) Equifrequency surface diagram for an anisotropic
medium (εz /= εx). (c) Equifrequency surface diagram for an indefinite medium (hyperbolic) with (εz < 0, εx > 0).
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Figure 2: (a) Radiation of a point source inside a HMM (εz = −4 and εx = 1). (b) Light propagation through a sharp edge aperture in
HMM and the cross of preferred directions resulting in focusing.

For an elliptically dispersive material there is a theoretical
cutoff on the spatial frequency vector while on the other hand
there is no limit in dispersion relation of a hyperbolically
dispersive material. Assuming that the optical axis is along
the z direction, the transfer function for such a system is
given by
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When εz < 0 and εx > 0, there is no cutoff for any high spatial
frequency kx varying from −∞ to +∞. This means that the
HMM can convert the evanescent waves in conventional
media into propagating waves. The losses in the HMM also
play an important role in the performance as different k
components may have different propagation lengths in a
HMM; thus the k vectors attenuate differently.

Furthermore, light inside a HMM propagates along some
preferred directions [13]. From the dispersion diagram of
a HMM (Figure 1(c)), the angle of propagation to z-axis
can be calculated as θ = tan−1(kx/kz) which depends on
the ratio of the components of the permittivity tensor in
x and z directions. Note that the higher spatial frequency
components tend to propagate more towards the asymptotes
of hyperbola than the lower spatial frequency vector as θ
varies very slowly with kx as shown by dθ/dkx = kz/(k2

x +
k2
z ). Thus, the hyperbolic dispersion curves give rise to the

two preferred propagation directions which are along the
asymptotes of the hyperbola. To verify this, we simulated the
radiation pattern of a point source in a HMM with εx = 1
and εz = −4. As shown in Figure 2(a), the asymptotes define
the angular spectrum boundaries and preferred propagation
directions.

This effect can be used to make a lens which focuses a
broad beam into an ultrasmall spot, where a sharp aperture is
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Figure 3: Numerical simulation results for focusing using HMM (a) at normal incidence (b) with tilt angle of 20◦.

used to excite high spatial frequency components. As shown
in Figure 2(b), the light from such an aperture propagates in
the direction of asymptotes and is focused at the intersection
of them. Note that all focused waves in the HMM are prop-
agating waves. This effect can also be extended into three-
dimensional (3D) configurations. Thus, the propagation of
high spatial frequency components and preferred direction
gives us confidence to achieve subwavelength focusing using
a slab of a HMM. In contrast, negative refractive index
material can make flat lenses, but focusing a broad collimated
beam into deep subwavelength spot size may require curved
surface area of the lens [23].

Another feature of the lens is that the location of the
focused spot is not sensitive to the incident angle. To verify
the subwavelength focusing at different incidence angles in
a HMM slab, some 3D FDTD simulations were performed
using the Lumerical FDTD solution software. In simulations,
a HMM medium with the effective permittivity (εz = −1,
and εx = 1) was assumed. The simulations were performed
for normal incidence as well as oblique incidence of 20◦, and
the resulting field distribution is shown in Figures 3(b) and
3(c), respectively. It clearly verifies focusing using the HMM
structure at two different incident angles. In addition, the
incident angle of the 20◦ focus spot is shifted only by a small

distance. The reason is that the location of the focused spot
depends on the material properties, or more specifically the
ratio of εx (εy) and εz.

In comparison to NIM, HMMs are easier to fabricate as
only permittivity in one direction is required to be negative,
and it does not rely on magnetic resonance. In addition, most
metamaterials are inherently anisotropic [21, 22, 24]. In this
paper, we also present experimental demonstration of deep
subwavelength focusing using a HMM. A HMM structure
can be realized using wired medium design in which an array
of parallel conducting wires are embedded in a matrix of
a dielectric material as illustrated in Figure 4(a). The wire
medium structure exhibits novel electromagnetic properties
in the GHz region. In the wired medium, parallel wires
are separated from each other by a certain lattice constant,
and, due to this periodic arrangement, the effective plasma
frequency (ωp) can be derived for the collective oscillation of
electrons [7, 25] and is given as

ω2
p =

2πc2

a2 ln(a/r)
, (4)

where a is lattice constant and r is radius of the metal
wire. For incident waves with parallel polarization, the wired
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Figure 4: (a) Schematic illustration of a wired medium design. (b) Illustration of the HMM slab structure (yellow-metal wires), green (PCB
slab).
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Figure 5: Schematic diagram of the experimental setup for superfocusing in the HMM.

medium can be characterized by an effective permittivity
εz = 1 − (ω2

p/ω
2) in the direction of propagation. Below the

plasma frequency, dielectric constant (εz) becomes negative,
and above the plasma frequency the εz becomes positive.
However, when the electric field is no longer parallel to
the wires, the wire medium exhibits spatial dispersion [25].
The geometric parameters used in the HMM design, that
is, the wire radius and lattice constant, are much smaller
than the free-space wavelength (λ0) of the incident EM wave.
Thus, this medium can be considered as a homogenous
effective medium [26]. Printed circuit boards (PCBs) were
used as dielectric, and copper was used as metal wires which
behave as perfect electric conductor (PEC) at microwave
frequencies. Very thin metal wires are embedded periodically
on top of a PCB slab of thickness a. These copper wires were
etched on the top surface of the PCB and run parallel to the
breadth of the board. The radius of copper wire used was

approximately 0.1 mm, and the resulting lattice constant of
the structure was a = 2 mm. The dimensions of a single PCB
plate are 12 cm × 2.5 cm × 0.2 cm. Then 65 such slabs were
stacked on top of each other to act equivalently to a wired
medium structure as shown in Figure 4(b). The permittivity
along the direction of propagation εz is −37.49 for a plasma
frequency of 34.58 GHz which is calculated using (4). In
the experimental setup (Figure 5), a collimated beam from
a horn antenna is incident on the HMM slab along the
direction of metal wires. The antenna was directly fed by a
coaxial cable from a vector network analyzer with frequency
ranging from 4.0 to 5.8 GHz. A circular aperture mask of
diameter 80 mm was made out of aluminum so as to define
the input beam and excite high spatial frequency components
at the aperture edge. The center position of the slab and the
transmitted beam is aligned up to act as the reference under
the normal incidence.
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Figure 6: (a) Experimental verification of focusing a broad collimated (Φ80 mm) beam to a spot size of 9 mm × 9 mm (λ0/6) at normal
incidence. (b) Focusing to 11 mm × 11 mm (λ0/5) at oblique incidence.

The electromagnetic waves transmitted through the slab
are mapped by a near-field scanning probe which was con-
trolled by a motion controller via LabVIEW programming.
The measurements were done in x and y directions, and the
best quality of focusing was observed at 5.48 GHz. It was
verified that light from a larger apperture size (Φ80 mm) can
be focused to deep-subwavelength image size of 9 × 9 mm
which is approximately λ0/6 at normal incidence and 11 ×
11 mm (λ0/5) at incidence angle of 20◦. The experimental
results are shown in Figures 6(a) and 6(b). However, we had
done experiments at different incident angles that is at 20◦,
30◦, and 40◦ and found that focusing is achieved at all the
angles, and the focus will be shifted accordingly. The greater
the tilt angle, the greater the shift in focus. If the size of
aperture is further reduced, focusing was still observed but
with a different focal length. Thus, the wire medium supports
the transmission of propagating modes for any angle of
incidence.

In conclusion, we reported super focusing (power con-
centration) using a HMM based on a wired medium design.
This focusing was verified both numerically and experi-
mentally at gigahertz frequencies with different angles of
incidence. It is experimentally verified that higher spatial fre-
quency components can be excited using a sharp apperture
for a broad collimated beam. The subwavelength focusing
of λ0/6 has been demonstrated. This is possible due to
coupling of higher spatial frequency components into the
preferred directions of propagation inside a HMM. The
present realization of the HMM using wire medium is
advantageous at microwave frequencies. This phenomenon
can be further explored for applications in nanolithography,
optical tweezers, solar cells, nanowaveguide coupler, and
optical storage.
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