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Abstract
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In this paper, we propose a novel method to achieve super-resolution imaging by utilizing
shifting media based on the transformation optics theory. According to the effective medium
theory, the homogenous but anisotropic shifting media can be simply replaced by only two kinds
of homogenous and isotropic materials in an alternating layered structure. In addition, another
scheme of the symmetrical trapezoidal shifting media shells with layered isotropic materials is
proposed to realize the super-resolution imaging. Finite element simulations have been

performed to prove these ideas.
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1. Introduction

In the past few years, transformation optics (TO) [1, 2] has
attracted great attention. Based on TO, the most exciting and
fascinating device is the invisibility cloak [3-15]. According
to the coordinate transformation and the form invariance
property of Maxwell’s equations, a free space can be com-
pressed into a shell thus forming a hidden region, in which an
object cannot be detected, leading to an invisible cloak. In
addition, TO was also applied into other novel devices: a
waveguide connector [16, 17], which can tunnel the electro-
magnetic wave along arbitrary directions; an illusion system
[18], which is able to make an object appear like another one;
the super-absorber [19], which induces strong absorption by
amplifying the evanescent tail of high-order cylindrical
waves; and the super-scatterer [20], which can make an object
seem bigger than its original size by enhancing the wave
scattering cross section; and so on.

In this paper, TO-based shifting media are extended into
super-resolution imaging. As is well known, the resolution of
conventional lenses are constrained by the fundamental ‘dif-
fraction limit’, which is mainly caused by the absence of the
evanescent waves carrying the high-spatial-frequency infor-
mation in the far-field [21]. To overcome this bottleneck, J. B.
Pendry has proposed a perfect lens consisting of double
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negative-index material to achieve perfect imaging by
enhancing the near-field evanescent waves [22]. Subse-
quently, simplified perfect lenses, such as silver-superlens
[23] and SiC-superlens [24], have been theoretically designed
and practically realized. However, these superlenses are also
only capable of projecting sub-diffraction-limited images in
the near field, because the evanescent waves will still decay
exponentially away from such lenses. Recently, the far-field
superlens (FSL) [25, 26] and the hyperlens [27-32] have
made a lot of progress in far-field imaging. The FSL consists
of a silver slab and periodic sub-wavelength grating, in which
the evanescent waves are enhanced in the silver slab. Then the
enhanced evanescent waves are converted into propagating
waves in periodic grating, resulting in far-field, super-reso-
lution imaging. Different from the FSL, the hyperlens is
composed of anisotropic and multilayer metamaterials in a
curved geometry, which can generate hyperbolic or eccentric
elliptic dispersions to support the propagation of high wave-
vector waves. A special hyperlens, or metalens, created by
combining a metamatarial slab and a phase-compensation
structure, provides not only the high-resolution capabilities,
but also the Fourier transform function [32]. In fact, based on
TO, these analogous superlenses and hyperlenses can also be
of theoretical or practical design [33-36]. For example,
Weixiang Jiang e al manufactured an adielectric
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Figure 1. Schematic of shifting media. The yellow region is physical
space, the region surrounded by the green dummy line is virtual
space and the gray regions are shifting media. Region A;B;C,D,
(physical space) is shifted into region A;'B;'C,'D;’ (virtual space)
by using shifting media.

metamaterial magnifying lens, which utilizes metamaterial
with a gradient refractive index to realize sub-diffraction-
limited resolution [33]. Wei Wang et al proposed a far-field
planar hyperlens, whose imaging magnification is realized by
using multilayer metamaterials [34]. In addition, a super-
resolution imaging transfer with a vertex-like metamaterial
was reported by Huiyuan Dong et al [35].

Here, we propose another new kind of method to realize
super-resolution imaging in the far field by using shifting
media based on TO theory. Different from the previous
superlenses engineered by the left-hand materials with nega-
tive refraction index and hyperlenses based on anisotropic
metamaterials, this shifting media can be designed by
homogeneous and isotropic materials with positive permit-
tivity and permeability, i.e., positive index of refraction based
on the effective medium theory [37, 38].

2. Theory

Figure 1 schematically depicts a shifting media device in a
Cartesian coordinate system, where a small trapezoidal object
(yellow region) is coated with a trapezoidal shifting media
shell (gray region). In this situation, the region A;'B{'B, A, is
folded into A; By B, A, (region I). Meanwhile, D;'C;'C, D,,
AI,DI,D2 A2, and B1IC1/C2 B2 are mapped into Dl Cl C2 D2
(region II), A; Dy D, A, (region III) and B,C,C,B, (region
IV), respectively. Therefore, the physical space (region
AB,C D)) covered with shifting media will be shifted to the
virtual region of A;'B;'C,'D,’. Accordingly, if we put a
point-source in the region of A;B;C;D;, the corresponding
position will be shifted into the region of A;'B,'C,'D,’ with a

shifting distance of d. The coordinate of each point in figure 1
is Ay (-ayy, hyy), By (=aq1, —hyy), Cy (=ayo, hiz), Dy (-ap,,
hi3), Az (=az1, hay), By (=az1, —hay), C; (az1, —hyo), D2 (a2,
hy;). According to the theory of transformation optics, the
coordinate transformation between the virtual space and the
physical space can be expressed as:

In region I:
, d(azl — 2ay1 + d)
X' =mx +
ay —an+d

y=y

'=z (1)
where m; = —22 =41

ay —ay+d

In region II:

d(a21 + 2a1, — d)

a +ap—d

X' =mox +

'=z 2)

where m-, = _dntan
2 ay +ap—d

In region III and IV:

X' =m3x F myy + ms

y' =y
7=z 3)
where ‘~’ and ‘4’ correspond to region III and IV, respec-

tively, and

(h22 — ha1)(ar2 + az) + 2az1(hi2 — hy)

ms =
: (haa = hoy)(az1 + aiz — d) + 2az1(hiz — ha)
2(121d
ny =
(haz — ho1)(az1 + aiz — d) + 2az1(hiz — ha)
and(hy + ha)
ns =

(h22 = ha1)(az1 + apz = d) + 2az(hi2 = ha2)

The corresponding permittivity and permeability tensors
in regions -1V are given as follows: In region I:

ny 0 0
E=U= 0 1/m1 0 (4)
0 0 1Um
In region II:
nyp 0 0
e=u=|0 1l/m O (5)
0 0 1Ump

In regions III and IV:

(m32 + m42)/m3 Fmglms 0

E=H $m4/m3 1/m3 0 (6)
0 0 1/m3
where ‘=’ and ‘+° are correspond to region III and IV,

respectively.
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Figure 2. The electric field distribution for a point-source with wavelength of 1 mm located at (0, 0) (a) without shifting media and (b) with
shifting media (d=0.6 mm). (¢) The electric field distribution for a point-source located at (0.6 mm, 0) without shifting media.
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Figure 3. Permittivity and permeability tensor parameters for the shifting media: (a) piyx, (b) txy = fyx, (€) pyy and (d) &,

It should be noted that the shifting media is homogenous
but anisotropic.

3. Numerical simulation and discussion

First, we performed numerical simulation by using the finite
element method (FEM) to demonstrate the shifting effect of
the transformation media, as shown in figure 2. Here, we
define a;; =0.9 mm, a;»=0.5mm, a,; =1 mm, h;; =0.4 mm,
hi»=05mm, hy,;=0.5mm, hy,=1mm and d=0.6 mm.
Figures 2(a) and (c) depict the electric field distributions of a
point-source (wavelength is 1 mm) located at (0, 0) and
(0.6 mm, 0) in free space (air), respectively. The permittivity
and permeability of the trapezoidal region in figures 2(a) and
(c) are e=pu=1. Figure 2(b) shows the field distribution of a
point-source at (0, 0) and covered with shifting media
(shifting distance is d =0.6 mm). Comparing figures 2(b) and
(c), it can be seen that both have the same field distribution
outside the transformation region. Hence, the point-source
located at (0, 0) in figure 2(b) is shifted to the position
(0.6 mm, 0) due to the shifting media. The corresponding
material parameters of the shifting media shell are shown in
figure 3, in which we can see the material of the shifting
media is anisotropic but homogeneous.

Now, we study the super-resolution imaging based on the
shifting effect of the shifting media. Figure 4(a) illustrates the
electric field distribution of two separated point-sources in free
space with a separation distance of A/4 (1=1 mm). In this case,
two separated point-sources are very difficult to distinguish,
because they resemble a single source in the far-field region
due to the ‘diffraction limit’ [the green line in figure 4(d)]. To
distinguish the two separate point-sources, we have to enlarge
their separation distance larger than a half wavelength of
incident electromagnetic wave according to the Abble dif-
fraction limit theory. In figure 4(c), we depict the electricfield
distribution of the two separated point-sources located in free
space with a separation distance of A/4+d (d=0.6*4, and A/
4+d >1/2). Remarkably different from the case of figure 4(a),
these two separated point-sources in figure 4(c) appear as
strong or weak electric field distribution, which means that
these point-sources in figure 4(c) is distinguished, and the
strong or weak electric field distribution is due to the coherent
effect between these two distinguished sources. In figure 4(b),
we show the electric field distribution of two separated point-
sources (the separation distance is A/4), for the right point-
source coating with the shifting media. Both figures 4(b) and
(c) show identical features outside the transformation region,
implying that these two point-sources in figure 4(b) can also be
distinguished, although the separation distance between them is
less than A/2. Meanwhile, figure 4(d) represents the
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Figure 4. (a) The electric-field distribution of two separated point-sources with a separation distance of /4 in free space. (b) The electric field
distribution of two separated point-sources (separation distance is A/4) when the right point-source coated by the shifting media with the shifting
distance d=0.6 mm. (c) The electric field distribution of two separated point-sources with a separation distance of A/4+d (4/4+d>1/2) in free
space. (d) The corresponding far-field features at r=11 mm of (a) (green line), (b) (red line) and (c) (black line).

corresponding far-field radiation of figures 4(a)-(c) at
r=11 mm (r>10*, and A= 1 mm, where r is the distance from
(0, 0) to an arbitrary point in the simulation region). It should
be noted that the green curve depicting the far-field features of
figure 4(a) just like a straight line (two separated sources are
nearly overlapped with each other, and they cannot be dis-
tinguished), while the far-field features of figure 4(b) (red
curve) are the same as that of figure 4(c) (black curve), and
both of them have four peaks (due to the coherent effect) at 0°,
90°, 180° and —90°, respectively. So the far-field results also
certify that based on shifting media, two separated point-
sources with a separation distance of less than A/2 can be easily
distinguished from each other.

Although the feasibility of the shifting media shell con-
sisting of homogenous and anisotropic materials on the field
of super-resolution imaging is verified in figure 3, it is diffi-
cult to design the shifting media shell by anisotropic materi-
als, and it is very hard to be found in nature and fabricated.
Based on the effective medium theory [30, 31], the homo-
genous but anisotropic shifting media shown above can
simply be replaced by an alternating layered structure of

homogeneous and isotropic materials, as shown in figure 5.
According to reference [30], the parameters of the layered
isotropic materials (medium-A and medium-B) in each region
can be expressed as:

AB _ x x)2 X
uht =t £ (ai) — o o

where
o = [+ o = i+ G |2

g =o=p= (=111, 1I and IV), and the angle between
the layer and x-axis can be determined by

tan(20;) = 2% /(™ — u”).

Here, we set M =40 (the number of layers) for all the
regions (regions I, II, III and IV), and the effective isotropic
parameters can be expressed as ﬂ?: 13.9282, /4?:0.0718,
e=7,  uh=3.0001, ub=0.3333, ey=0.6  and
Um=pn=26.063,  ubi=pb=0.0384,  em=ern=2.2.
Figure 5(a) shows the electric-field distribution of two sepa-
rated point-sources in free space with a separation distance of
A4, in which two separated point-sources are very difficult to
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Figure 5. (a) The electric field distribution of two separated point-sources with a separation distance of A/4 (1=1 mm) in free space. (b) The
electric field distribution of two separated point-sources (separation distance is 4/4) when the right point-sources coated by the layered

shifting media shell with 8;=90°, 6 =0°, O;;;=23.8631°, Oy =-23.8631° and shifting distance d =0.6 mm. (c) The electric field distribution
of two separated point-sources with a distance of A/4 +d (4/4 +d > 1/2) in free space. (d) The corresponding far-field features at r=11 mm of

(a) green line, (b) red line and (c) black line.

distinguish because the field distribution is homogeneous.
When one of these point-sources is embedded in the shifting
media shell composed of layered isotropic transformation
media, these two separated point-sources with a separation
distance of A/4 appear with a strong or weak electric-field
distribution [figure 5(b)] and become the same as the field
distribution of two separated point-sources with a separation
distance of A/4+d (A/4+d>A/2) in free space [figure 5(c)].
This demonstrates that the two undistinguished point-sources
can be easily distinguished due to the layered shifting media.
In order to verify the far-field effect of the isotropic layered
shifting media shell, we also simulate the corresponding
radiation patterns, as shown in figure 5(d). Comparing these
curves, the far-field features of figure 4(b) (red curve) are
identical to that of figure 4(c) (black curve) indicating that by
using the shifting media of layered isotropic materials, two
separated point-sources with a separation distance of less than
the ‘differential limit’ can also be distinguished.

Figure 6 shows another method to realize super-resolu-
tion imaging by using a symmetrical layered shifting media.
Figure 6(a) depicts a homogeneous electric field distribution

of two separated point-sources in free space with an undis-
tinguished distance of A/5. Figure 6(b) shows the electric field
distribution of two separated point-sources with separation
distance of /5 (A=1 mm) surrounded by symmetrical trape-
zoidal shifting media shells with alternating layered isotropic
materials, respectively. Figure 6(c) illustrates the electric field
distribution of two separated point-sources with a separation
distance of A/5+2%*d (d=0.3*4, and A/5+2*d>1/2) in the
free space. Comparing figures 6(b) and (c), we can find that
they both have the same strong or weak electric field dis-
tribution [also see the very similar far-field radiation patterns
with 4 peaks at 0°, 90°, 180° and -90°, respectively in
figure 6(d)], which demonstrates that two undistinguished
point-sources can also be easily distinguished by utilizing the
symmetrical layered shifting media. Hence, the proposed
structure of the symmetrical trapezoidal shifting media shells
with homogeneous and isotropic materials is also verified to
realize the super-resolution imaging.

The presented shifting media can be realized by con-
structing appropriate periodical L—C transmission line network.
Based on the transmission line network theory and
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Figure 6. (a) The electric field distribution of two separated point-sources with a separation distance of A/5 in free space. (b) The electric field
distribution of two separated point-sources (separation distance is 4/5) coated by two layered shifting media shells, respectively, with ;=90°,
O =0°, 011 =29.5188°, Oy =—29.5188° and the shifting distance d=0.3 mm. (c) The electric field distribution of two separated point-sources
with separation distance of A/5 +2*d (4/5 +2*d > 4/2) in free space. (d) The corresponding far-field features at r=11 mm of (a) blue line, (b)

red line and (c) black line.

Figure 7. Unit cell of L-C transmission line network, where L, and
L, are the inductances and C. is the capacitance of the unit cell.

electromagnetic theory, the series inductors and shunt capacitor
in figure 7 can act as an isotropic medium with positive para-
meters for L,=L,, which have been applied into many
experiments of Refs [39-41]. Here, we can also utilize the
method about periodical L-C transmission line network to

Table 1. The unit cell parameters of the L-C network. (Package size
is 0603).

Air I o m&lIv
LinH) 33 470 100 1000
L(H) 33 22 11 1.2
C,(pF) 39 270 22 82

achieve the isotropic materials of the alternating layered shift-
ing media. Figure 7 shows a unit cell of the L—C transmission
line network to mimic the air region. Based on the long-
wavelength limit, the relationship between the effective mate-
rial parameters and the circuit parameters can be written as:

u=Ly/A
Hy = Ly/A
e, =C,/A @)

Where A =5 mm is the unit cell length. The parameters in detail
of L—C transmission line network are listed in table 1.
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4. Conclusion

In summary, the use of shifting media as another new method
to achieve far-field super-resolution imaging, has been theo-
retically proposed based on TO theory. Unlike hyperlenses
and metalenses engineered by anisotropic materials, and
superlenses based on left-hand media, an alternating layered
structure of homogeneous and isotropic materials with posi-
tive permittivity and permeability (i.e. positive index of
refraction) can be used to design this shifting media due to the
effective medium theory. Both the theory model and numer-
ical simulations demonstrate that this shifting media may
open a new perspective for super-resolution imaging.
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