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Subwavelength imaging with a fishnet flat lens
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We theoretically and experimentally investigate subwavelength imaging with a flat lens constructed with fishnet
metamaterial. By adopting aring antenna with a diameter of 5 mm, a high-quality image, with the full width at half
maximum no more than half of the operational wavelength at 10 GHz, is measured in free space at a distance of
19 mm away from the flat lens. The spatial resolution is about one third of the operational wavelength considering
the electrical size of the ring antenna, which is also verified by finite-difference time-domain simulations. The
subwavelength imaging arises from the negative coupling between the adjacent spoof plasmonic waveguides of
fishnet metamaterial and is proved valid in a wide frequency range.
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I. INTRODUCTION

Conventional imaging systems suffer from the diffraction
limit for their spatial resolution. This is because the spa-
tial details of an object, which are finer than operational
wavelength A in scale, are carried by evanescent waves and
thus cannot propagate in the far field.! Substantial efforts
have been devoted to overcoming the diffraction limit in
different ways, such as using the superoscillation of helical
waves,” resorting to a higher order of harmonic generations,’
etc.*> There is an exception for the transfer of evanescent
waves in the far field. Pendry theoretically predicted that a
lossless slab made with left-handed material functions as a
perfect lens when both ¢ = —1 and u = —1 are satisfied.®
In general, a metamaterial (MM) slab, with both negative
permittivity & and permeability p, not only supports negative
refraction but also has the ability to restore evanescent waves
in the far field and image beyond the diffraction limit.”” A
pioneering experiment verified subwavelength imaging in a
two-dimensional transmission-line system where the loaded
series capacitors and shunt inductors provide the left-handed
electromagnetic response.'’ Appropriate and delicate design
of subwavelength-sized metallic resonant structures is required
to ensure simultaneously negative ¢ and @ in a certain
frequency range. However, this is not easy to accomplish,
especially for three-dimensional (3D) left-handed MMs in
which spatial dispersion is usually very strong.

Subwavelength imaging can also be achieved with single-
negative-index MMs in which the effective permittivity or
permeability is negative and the other is positive. The electric
and magnetic field components in a single-negative-index MM
are largely decoupled when looking into the very near-field
regime under the electrostatic limit.!! This feature presents
a feasible way for subwavelength imaging. For instance, a
silver superlens with negative permittivity gives rise to a /6
spatial resolution in imaging for an object in the near field
by “amplifying” electric fields.'? Similarly, a magnetic image
with a resolution down to A/64 is generated by a p-negative
slab constructed with a “Swiss roll.”’!! Such a superlens
effect in single-negative-index MMs primarily relies on the
excitation of surface modes and generates image spots bound
to the lens-air interface.
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Among various types of MMs for negative refraction,
fishnet structures have attracted tremendous attention due
to their high figure of merit and superior performance in
optical frequencies.'>~'® Moreover, the planar structures of
fishnet MMs are favorable for fabrication and present a
feasible route for realization of 3D MMs. For conventional
ways to utilize fishnet MMs, the electromagnetic waves are
incident on surface of the metallic layer perforated with hole
arrays, and the dimension of the metallic holes determines the
maximum operational wavelength, i.e., the cutoff frequency
of fishnet MMs. There is an alternative scheme that can
drive fishnet MMs below the cutoff frequency. A theoretical
study predicted all-angle negative refraction at frequencies
below the cutoff frequency, provided that the incident light
impinges on the sidewall interface of the fishnet stack.!’
The negative coupling among the propagating waves guided
in the slab waveguides which are sandwiched by metallic
layers generates a hyperbolic dispersion.’* This type of
hyperbolic dispersion leads to all-angle negative refraction
in our fishnet MM. Recently, the same scheme was also pro-
posed for acoustic waves.”> However, there is no experimen-
tal report on such subwavelength-imaging functionality for
fishnet MMs.

In this paper, we theoretically and experimentally demon-
strate subwavelength imaging with 3D fishnet MMs at the
microwave regime. The finite-difference time-domain (FDTD)
simulations show that the image spot of a magnetic dipole
source is A/3 in size, exhibiting a superresolution feature.
Further the local field measurement proves that the image
of a ring antenna with a diameter of /6 has a full width
at half maximum (FWHM) of A/2, which agrees well with
the theoretical predictions while taking into account the size
effect of the source. Additional calculations indicate that the
subwavelength imaging is valid in a broad frequency range.

II. ALL-ANGLE NEGATIVE REFRACTION

Figure 1(a) shows the schematic of our fishnet model
and incident waves. The metal/dielectric layers, lying in
the xy plane, are stacked alternately along the z direction.
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FIG. 1. (Color online) (a) Schematic of our fishnet model and the
incidence configuration. (b) Photos of our fishnet sample and ring
antenna (inset).

Each metallic layer, with a thickness of r = 0.035 mm, is
perforated with hole arrays in a square lattice. The lattice
period is p, = py, = 6 mm, and the size of the square holes
is a = 5.8 mm. The allowed waveguide modes in a metallic
hole have a cutoff frequency at f. = 5> ~ 25.8 GHz, where
co is the light velocity in vacuum. The dielectric layer has a
thickness of d = 1.575 mm and a permittivity of &, = 2.65,
which gives rise to a period of p, =d 4+t =1.61 mm in
the z direction. The incident waves, propagating inside the
xz plane with an incident angle of 6 about the x axis,
are transverse-magnetic (TM) polarized with magnetic field
H along the y direction. At frequencies far below f., a
single layer of holey metal can be homogenized to a Drude-
type medium with a plasma frequency determined by f,.2°
Also the stacked fishnet MM can be regarded as a spoof
plasmonic waveguide array.>’> The layered metal-insulator-
metal configuration of the fishnet MM forms waveguide
channels in the xy plane, which only allow the quasi-TEM
modes to propagate in the insulator layers. These modes, with
electric field E along the z axis, can be well described with
coupled-wave theory.>*3! The holey metallic layers enable
energy exchange among the adjacent waveguides, leading to a
negative coupling coefficient and hyperbolic dispersion.'®?’
We perform the modal expansion method (MEM)*?-3> to
calculate the dispersion of the fishnet system under TM
polarization. The blue lines in Fig. 2 present the equifrequency
surface (EFS) at 10 GHz, while the red circular line denotes
the corresponding EFS in vacuum. It is noted that, when &,
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FIG. 2. (Color online) Equifrequency surface (EFS) in the fishnet
MM at 10 GHz (blue line), 6 GHz (green line), and 14 GHz (cyan
line) and the EFS in vacuum at 10 GHz (red circular line).

is relatively small, the effective electromagnetic parameters
of fishnet MM form a hyperbolic dispersion of an anisotropic
medium,
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where ¢, > 0 and ¢, <0 are the z and x components of
the permittivity tensor, respectively, and pu, > 0 is the y
component of the permeability tensor. k, and k, are the
x and z components of the wave vector in the anisotropic
medium, respectively, and w is the angular frequency. Black
arrows in Fig. 2 schematically denote the direction of group
velocity (energy flow) v, = V,;w(%), which is normal to the
EFS and along the direction towards higher frequency. It can
be seen from Fig. 2 that the transverse wave vector of the
incident waves will be much smaller than 7/ p,. In this regime,
the EFS remains in a hyperbolic line shape, and negative
refraction always occurs in the fishnet structure for all incident
angles.

To verify the theoretical predictions of all-angle negative re-
fraction, we perform FDTD numerical simulations by assum-
ing a Gaussian beam incident on the sidewall interface of our
fishnet MM from air. In the simulations, the finite-sized fishnet
model has 60 periods in the x direction and 500 periods in the
z direction. Periodic boundary conditions are applied along the
y direction. The technique of perfect matched layers (PMLs)
is applied at the x and z boundaries to absorb reflected waves.
A one-way Gaussian beam source, which is TM polarized with
magnetic field along the y direction (H,, H; = 0) at frequency
f = 10 GHz, is positioned in the yz plane and 100 mm away
from the top interface. The beam waist is 120 mm. Figure 3
presents the spatial distribution of the real part of the magnetic
field component H, in the xz plane with respect to different
incident angles & = 10°,20°,40°,50°. With the color recording
the intensity of the local field at a point, Fig. 3 explicitly
illustrates the path of the light beam propagating inside the
fishnet system and in free space. We see from Fig. 3 that
the negative refraction occurs at all the considered incident
angles. Further the fishnet system is essentially transparent
due to the mode matching between free-space photons and
the quasi-TEM modes that propagate in the spoof plasmonic
waveguide arrays, contributing to the high efficiency of the
device.
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FIG. 3. (Color online) Negative refraction calculated at 10 GHz
for different incident angles (a)-(d) 6 = 10°,20°,40°,50° of a
Gaussian beam. The real part of the magnetic field H, in the snapshot
is marked by red/blue for positive/negative values. The black arrows
denote the propagating direction (Poynting vector) of the light beam.

III. EXPERIMENTS OF SUBWAVELENGTH IMAGING

The fishnet MMs provide local and global geometric
parameters for tuning the hyperbolic dispersion and impedance
matching at the air-fishnet interface and have been recognized
as the most promising candidates for negative refraction
in the visible and other frequency regimes. The scheme
utilizing the sidewall of a stacked fishnet system as the
incident interface presents a practical flat-lens solution for
subwavelength imaging. Here we fabricate a 3D fishnet MM
by printed-circuit-board (PCB) fabrication technology and
experimentally investigate the subwavelength imaging with
the local field measurement. A photo of the sample is shown
in Fig. 1(b). The fishnet sample is a stack of 80 PCB slabs. The
dielectric substrate in a PCB slab has a dielectric constant of
g, = 2.65 and a thickness of d = 1.575 mm. The lateral size
of a PCB slab is 120 mm in the x direction and 180 mm in the
y direction. We use two small ring antennas made with coaxial
cable to measure the magnetic field at a local point, as shown in
the inset of Fig. 1(b). The source antenna is placed about 10 mm
away from the sidewall of the fishnet MM. The probe antenna,
on the other side of the sample, is arranged on a movable
table electrically driven by a computer to scan the magnetic
local field. An Agilent 8722ES network analyzer is used to
measure the complex transmission coefficient S,;. By scanning
the probe at 1-mm intervals with the two-dimensional table,
we map the magnetic local field intensity |S,;|? as a function
of probe position (x,z) at a frequency of 10 GHz, as shown in
Fig. 4. Itis noted that an image spot is measured at a distance of
19 mm away from the outgoing interface of the fishnet sample.
Figure 5(a) plots the intensity of magnetic fields at 10 GHz
as a function of z along the line at x = 19 mm in the image
plane. We can see that the FWHM is 15 mm (equal to A/2) at
critical subdiffraction resolution. Numerical simulations show
that the FWHM of an ideal point source is about 10 mm
(A/3), as shown in Fig. 5(b). The diameter of the ring antenna
is 5 mm. As the coaxial cable has a dimension of about
2 mm, an antenna with a diameter smaller than 5 mm cannot
guarantee the desired linear polarization (TM polarization) in
our experiments. Considering that the antennas are not ideal
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FIG. 4. (Color online) Measured image at 10 GHz of a small ring
antenna as an object which is about 10 mm away from the fishnet flat
lens. The white dashed line denotes the x coordinate of the image
spot, which is 19 mm away from the lens-air interface.

point sources, we conclude that the measured image size of A /2
is within the range of subdiffraction resolution. By comparing
the arbitrary values of magnetic fields at the image plane
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FIG. 5. (Color online) Magnetic field intensity | H,|* at a line of
x = 19 mm as a function of the z coordinates. (a) Measured results
with/without a fishnet flat lens (solid/dashed line) for a ring antenna
with a diameter of 5 mm as the object and (b) calculated results for
an ideal magnetic dipole source as the object.
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FIG. 6. (Color online) (a)—(f) Calculated imaging of a point
source through the fishnet lens at f = 4, 6, 8, 10, 12, and 14 GHz,
respectively. The distance between the point source and the lens is
fixed at 15 mm.

with and without a fishnet MM sample [see the solid and
dashed lines in Fig. 5(a)], we find that the former is about
50 times larger than the latter at the center of the image spot,
implying a high efficiency in imaging.

The all-angle negative refraction of the fishnet MMs comes
from the light coupling of quasi-TEM modes propagating in
the spoof plasmonic waveguide arrays where the coupling
coefficient remains negative in a wide frequency range
starting from zero frequency. Consequently, the subwavelength
imaging also exhibits a broadband property. Nevertheless, the
coupling between the adjacent waveguides becomes weaker
and weaker at lower frequencies, and a large enough thickness
along the x direction of the fishnet flat lens is required
for imaging. We perform FDTD simulations to verify the
broadband subwavelength imaging. The model of a fishnet
MM has 60 periods along the x direction. Figure 6 shows
the calculated magnetic field distributions H, at different
frequencies f = 4, 6, 8, 10, 12, and 14 GHz. In the FDTD
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simulations, the magnetic point source is located 15 mm away
from the air-fishnet interface at the incident side. We can see
that a real image spot appears at frequencies f =8, 10, 12,
and 14 GHz, as shown in Figs. 6(c)-6(f), respectively. At
lower frequencies f = 4 and 6 GHz [Figs. 6(a) and 6(b)], the
collimation effect, as a weaker version of negative refraction,
is dominant, and no real image is observed as the model is
too thin. Additional calculations (not shown) indicate that a
real image can be readily obtained below 6 GHz by adopting
a larger model with enough thickness, provided that the object
is at the proximity of the air-fishnet interface.

IV. CONCLUSIONS

In summary, we have theoretically and experimentally
investigated subwavelength imaging of a flat lens which
utilizes the sidewall interface of stacked fishnet MMs. By
adopting aring antenna with a small electrical size as an object,
we observed a high-quality image with a size no more than half
of the operational wavelength. Measured results agree well
with the FDTD simulations. Additional calculations verified
that negative refraction and subwavelength imaging can be
readily obtained in a broad frequency range, even at much
lower frequencies. The findings are helpful for understanding
the underlying physics of the electromagnetic response of
fishnet MMs, which may have great potential for devices in
microwave, terahertz, and even optical regimes.
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