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Omnidirectional Conformal Cloak Without Geometrical Dispersion
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The phase delay problem of invisibility cloaks designed by optical conformal mapping is referred to the
optical path difference between the waves in upper and lower Riemann sheets. As the frequency changes,
the phase delay varies accordingly (here, we call it geometrical dispersion), which restricts the cloaks to
working only at some discrete frequencies. Here, we solve the phase-delay problem by placing an optically
null medium in the lower Riemann sheet. The conformal cloaks designed by using our method have
many advantages, such as a continuous working band (no geometrical dispersion), omnidirectionality,
robustness under frequency shifts, and no need for any complex materials that are both anisotropic and
inhomogeneous. We also design metallic microchannels to realize our cloaks.
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I. INTRODUCTION

Transformation optics (TO) [1-6] has aroused interest
in invisibility cloaks [7—11] over the last decade. Two dif-
ferent methods are proposed in initial examples to give
cloaks of different index profiles [4,5]. The first method
proposed by Pendry et al. [4], usually referred to as TO,
is based on Maxwell’s equations and is theoretically per-
fect for waves (as verified by experimental demonstrations
[12]). However, the complex material requirements (inho-
mogeneous anisotropic materials with singularities at the
inner boundary) restrict their real applications. The second
method proposed by Leonhardt [5], usually referred to as
optical conformal mapping (OCM), is based on Fermat’s
principle and the Helmholtz equation. Therefore, it is the-
oretically only valid within the realm of geometry optics
[5]. When used for waves, there are several problems, one
of which is the phase-delay problem [13] and another is
the large index range in the interior of the branch cut. As
a consequence, no experimental demonstrations of omni-
directional OCM cloaks have been made. Up until now,
only one experimental demonstration of truncated unidi-
rectional OCM cloaks has been given by our group [14].
Here, considering the imperfections of the OCM theory for
waves, we place an optically null medium in the lower Rie-
mann sheet to solve the phase-delay problem and achieve
omnidirectional OCM cloaks that function well for both
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rays and waves within some frequency band. At the same
time, we change the refractive index in the interior of the
branch cut from the previous large distribution range to a
homogenous optically null medium (ONM) [15,16], which
may simplify the implementation and is more robust under
frequency shifts.

We first recall the concept of the Zhukovski transfor-
mation (an OCM to design invisibility cloaks [5]), and
describe the phase-delay problem [6]. The Zhukovski
transformation is one type of conformal mapping given by

z:%(w:l:\/M), (1)

where z=x+iy and w=u+iv denote complex coordi-
nates in the physical space and the reference space, respec-
tively; a represents the size of the branch cut in the refer-
ence space (line segment with length 4a) and in the real
space (circle with radius a). In the language of TO, it maps
the lower and upper Riemann sheets in the reference space
to the interior and exterior of the circular branch cut in the
physical space, respectively. The Zhukovski transforma-
tion could only have a cloaking effect with the help of an
effective optical design in the lower Riemann sheet, which
would guide the ray back to the upper Riemann sheet with-
out producing any reflections or changing the direction
of propagation [5]. Many optical instruments may fulfill
this requirement, such as a Maxwell fish-eye lens [17—
20], an Eaton lens [21-23], or well-arranged mirrors [24].
Although all of these optical instruments can guide the rays
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z
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(which have touched the branch cut) back to the upper Rie-
mann sheet, they inevitably introduce an additional optical
path difference (compared with rays that do not touch the
branch cut), i.e., a phase delay. As the wavelength changes,
the phase delay varies accordingly, which leads to geo-
metrical dispersion for all previous cloaks designed by
conformal mapping under the configuration of double Rie-
mann sheets. Unlike material dispersion (due to the nature
of metamaterials), the geometrical dispersion is due to
the geometry corresponding to conformal mappings with
double Riemann sheets, which leads to discrete working-
frequency features [21,25,26]. The geometrical dispersion
and materials’ dispersion together would restrict the band-
width of optical conformal cloaks. The purpose of this
study is to eliminate the geometrical dispersion. In our pre-
vious work, negative index materials are used to eliminate
the geometrical dispersion [21]. However, numerical sim-
ulations of OCM cloaks with negative index materials are
not good as theoretically expected [21].

Here, we use an ONM designed by optical surface
transformation to replace the conventional optical instru-
ments and fix the phase-delay problem. In an ONM, the
refractive index approaches zero along its principal axis
(n;; =0) and is infinitely large in directions perpendicular
to the principal axis (n; = 1/n; = 00). The amplitude and
phase of waves at the two ends of an ideal ONM are pre-
served [16,27,28] because, when waves propagate inside
the ONM, the phase delay (A¢) along its principal axis
is equal to zero, i.e., A¢ =2mn; Al/L =0, where Al is the
effective length of the ONM along its principal axis and A
is the wavelength of light in a vacuum. In this sense, the
ONM performs like a highly directional waveguide that
can guide the incident waves or rays (for arbitrary incident
angles) along its principal axis direction without produc-
ing any phase delay. We can also design an ONM to form
a closed loop on the lower Riemann sheet that can redi-
rect the rays to their original direction without producing
any phase delay. In practical applications, it is both unnec-
essary and impossible to make the refractive index on the
principal axis strictly equal to zero.

II. THEORY

Now we move to the design step and show how to use
the ONM in the lower Riemann sheet of the Zhukovski
transformation to solve the phase-delay problem of OCM
cloaks. The basic setup for the cloak is shown in Fig. 1.
In the reference space of the Zhukovski transformation,
the trajectories of two rays with orthogonal directions are
shown in Fig. 1(a). The parallel ray (colored blue) does
not touch the branch cut (line segment colored yellow) and
propagates in the upper Riemann sheet constantly, while
the perpendicular ray (colored red) touches the branch cut
and enters the lower Riemann sheet. A donut filled with
the ONM is placed in the lower Riemann sheet, the outer

and inner radii of which are R, and R, respectively. The
principal axis of the ONM is along the tangential direc-
tion of the donut, as shown by the blue and white rings in
Fig. 1(a). The branch cut is on the radial direction with a
size of 4a = R, —R, . The red ray propagates along the prin-
cipal axis of the ONM for one loop; returns to the upper
Riemann sheet, where it falls down; and restores its origi-
nal direction (no phase delay, A¢ =0, and no reflections).
Notably, although we only show the normal incident ray,
other rays with arbitrary incident angles can also restore
their original directions. The reason is that the ONM does
not disturb the phase distributions of the waves before
they enter the branch cut or after they return (no phase
delay) and the wave vector is also unchanged, i.e., the
branch cut appears transparent to the waves. In the physi-
cal space, as shown in Fig. 1(b), the blue ray bypasses the
circular branch cut (yellow circle) and the red ray crosses
the circular branch cut. A general coordinate transforma-
tion (without extreme stretching or compressing) will not
change the values of the permittivity and permeability of
the ONM because the permittivity and permeability ten-
sors with components of co (or 0) remain co (or 0) after
a transformation. However, the directions of the princi-
pal axes of ONMs change after a transformation [27].
For the Zhukovski transformation, the principal axes of
the designed ONMs are transformed from concentric cir-
cles to the shapes indicated by the blue and white curves
in Fig. 1(b), which act as microchannels that connect the
upper half and lower half of the branch cut in physical
space. The two gray regions in Fig. 1(b) are the cloak-
ing regions, which correspond to the interior of the donut
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FIG. 1. Design diagram of the cloak. Red and blue lines
(curves) are the ray trajectories in (a) the reference space and (b)
the physical space. The regions 4 and B colored gray in (b) are
cloaking regions corresponding to A” and B’ in (a), respectively.
(c) Design steps of the ONM parameters for the cloak.

064009-2



OMNIDIRECTIONAL CONFORMAL CLOAK WITHOUT ...

PHYS. REV. APPLIED 12, 064009 (2019)

(r < R)) and the exterior of the donut (» > R;) in Fig. 1(a)
(colored gray). We can place any objects inside the gray
regions in Fig. 1(b) without disturbing the field distribu-
tions outside. The refractive index outside the branch cut
in the physical space [regions colored pink in Fig. 1(b)]
can be calculated as [5]

= )

where n,, =1 is the background index of the reference
space. For the interior of the branch cut, the permittiv-
ity and permeability can be deduced by the following
steps, which are also shown in Fig. 1(c). First, we write
the parameter matrix of the ONMs [region of the donut
with perfect magnetic conductor (PMC) boundaries] in the
cylindrical coordinates (r, ¢, z) of the reference space,
shown as the first plot in Fig. 1(c), as follows:

A 0 0
Eopy = Moy = | O 1/A 0 |, 3)
0 A

where A approaches zero for an ideal ONM. Second, we
express the parameters of the ONMs in the reference space
in the Cartesian coordinate system (u’, v’, z’), shown as the
second plot in Fig. 1(c), as follows:

Elnry = Wy = Me(, ) G M7, 4)
where
ou'/or du'/op O
M= a//or dv'/3¢p O
0 0 1
cos(¢p) —rsin(¢p) 0
= sin(¢) rcos(¢p) O |, (5)
0 0 1

and G = diag(1, 72, 1). Third, we express the ONM in the
reference space in a translated Cartesian coordinate sys-
tem (u=u’+(Ry—R;)/2, v=v’, z=2z") to move the donut
to a position where the branch cut (from —2a to 2a) is
located between the inner and outer boundaries of the
donut (R;—R; =4a) [see the third plot in Fig. 1(c)], and
the resulting parametric matrix is

2 Y R, — R,
8(uv) = M) = 8(1/1/) u— P

,ua. (6)

Finally, we transform the donut filled with ONMs
expressed in Eq. (6) in the reference space to the interior

of the branch cut in the physical space via the Zhukovski
transformation [see the last plot in Fig. 1(c)],

T
As/(uv)A

det(A) )

Ey) = M@y) =

where A is the Jacobian matrix representing the Zhukovski
transformation in Eq. (1) from the reference space (u, v) to
the physical space (x, y). We can diagonalize the matrix
&uy in Eq. (7) to get the principal axes and principal
values.

We can also choose a more convenient method to calcu-
late the material parameters for the interior of the branch
cut: the effective medium theory (see, e.g., Ref. [29]).
In effective medium theory, we can use alternating sub-
wavelength layers of two isotropic media to represent an
anisotropic medium via

gr=fe1+ 1 —f)e
1 _f 41
g1 g &)

: ®)

where f is the filling factor, ¢ and ¢, are the two isotropic
media, and ¢, and ¢, are the two orthogonal compo-
nents of the anisotropic medium. We choose ¢; = A/2
and g, =2/A and transform these locally isotropic media
by the OCM. Then, we get the principal values of the
transformed ONMs,

2

WZ%M—§+%P—§*ih—% 9
eo=[1-%| 8 ~ali-g ®
1= 22| A244 ~ z2
Therefore,
2 1
g, = |1 — —|diag| —, A, A ], 10

where ¢, (¢, =¢,) represents the permittivity (permeabil-
ity) tensor in the diagonalized form under the principal
axis system. When A approaches zero, Eq. (10) can be
written as

gp = M, = diag(co, 0, 0). (11)

The shapes of the principal axes are the blue and white
curves in Fig. 1(b), corresponding to the concentric rings
in Fig. 1(a), under conformal mapping, as described in
Eq. (1). Notably, the materials outside of the circular
branch cut are isotropic, although inhomogeneous, while
the materials inside of the circular branch cut are homo-
geneous, although anisotropic. In other words, unlike the
well-known cloak based on transformation optics [4], our
cloak does not need any complex material that is both
anisotropic and inhomogeneous.
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1. SIMULATION

A. With ideal materials (under the assumption of weak
dispersion)

First, we use numerical simulations to check whether
our cloaks are omnidirectional and have a continuous
working-frequency range under the assumption of weak
dispersion (strong material dispersion is discussed in
the following paragraph). We set A =1000, a=1 m,
Ry =0.1 m, and R, =4.1 m in the following simulations.
We also truncate the cloak to a circle with a radius of
8 m surrounded by a perfect matched layer (PML) with
a thickness of 2 m. Plane waves with TE polarization
are set as the source. To check the omnidirectional prop-
erty, plane waves (A = 1.5a) with different incident angles
of 0°, 45°, and 90° impinge on two PMC objects (col-
ored white) with the cloaks [Figs. 2(a)-2(c)] and without
the cloaks [Figs. 2(d)}-2(f)]. Actually, we can enclose any
arbitrary objects (of arbitrary materials) that we want to
conceal with the PMC boundary [of the gray region shape
in Fig. 1(b)] to replace the PMC objects. From the results
of the near-field patterns (£.), we find that nearly no
scattering occurs using our cloak with these three inci-
dent angles, due to the phase-preserving mechanism of
the ONMs, while obvious scatterings appear if we remove
the cloaks. We also find good cloaking performance for
other incident angles (not shown here). The two regions
colored white in Fig. 2 are regions in which objects can
be concealed. To verify whether the cloaks work under a
continuous-frequency range, we choose three wavelengths
(5a, 1.875a, and a) randomly for the incident plane wave
(with an incident angle of 45°). The near-field patterns
of cloaks are shown in Figs. 3(a)-3(c), and the magnified
plots are shown in Figs. 3(d)-3(f).

(a (b) (c) .
( 1m)
ﬂo
-1
(d) (e) (f)
E (V/m)
1
0
-1

FIG. 2. Distributions of the z component of the electric field
(TE) for the PMC objects (a)—(c) with the cloak and (d)—(f) with-
out the cloak. Three incident angles are (a),(d): 0°, (b),(e): 45°,
and (c),(f): 90°. The two regions colored white are the cloaking
regions with PMC boundaries.

FIG. 3. Distributions of the z component of the electric field
(TE) for the cloak under three random relative wavelengths of
(a) 5a, (b) 1.875a, and (c) a. (d)~(f) are the magnified plots of
those in (a)—(c). The two regions colored white are the cloaking
regions with PMC boundaries.

We now provide a quantitative analysis for the cloak-
ing performance by calculating the total scattering cross
sections, o, from the far-field results of the simulations.
Since the geometry of the entire system has no rotational
symmetry, o is angle dependent. Four groups of plots are
shown in Fig. 4 to give comparisons of the total scattering
cross sections of the pure PMC, the PMC with our cloak,
and the PMC with a conventional OCM cloak. The con-
ventional OCM cloak used here for comparison has two
mirrored Maxwell fish-eye lenses in the lower Riemann
sheet, which has the following refractive index distribution
inside the branch cut:,

-2 _
n(z) = |1 7| Tr el |z| < a&|lw — 2a| < 2a

_a 2
=)

izl aar 171 < a&lw+2al < 2a

(12)

We use four plots that represent four different incident
angles: (a) 0°, (b) 30°, (c) 60°, and (d) 90°. We set the
y axis to the dB form of the total scattering cross sec-
tions per unit length for clarity, i.e., log;o(c/1[m]) dB, and
the x axis represents the frequency, ranging from 0.02 to
0.3 GHz. It can be seen that the geometrical dispersion is
removed and the total scattering cross sections are reduced
by at least a factor of 100 (20 dB) for arbitrary angles and
arbitrary frequencies, when covered by our cloaks (black
curve), which are not achievable with the previous OCM
cloaks (blue curve). No discrete frequencies are found in
our simulations, and good cloaking effects are obtained for
all frequencies. Under the same condition of weak mate-
rial dispersion, our cloaks have a broad frequency band,
while other conformal cloaks still have a discrete working
frequency due to the geometrical dispersion.

064009-4



OMNIDIRECTIONAL CONFORMAL CLOAK WITHOUT ...

PHYS. REV. APPLIED 12, 064009 (2019)

(a T—With our cloak (b) "—With olr cloak
~ 20 —— Without cloak ~ 20 — Without cloak
% —— Conventional OCM cloak| % —Conventional OCM cloak
s 0 s 0
© ©
g g
=20 20
8 8
©_40 ©_40

0.00 0.08 0.16 0.24 0.32 0.00 0.08 0.16 0.24 0.32

Frequency (GHz) Frequency (GHz)
(c) _ (d) _
—With dur cloak —With our cloak

~ 20 — Without cloak ~ 20 ——Without cloak
% —Conventional OCM cloak % — Conventional OCM cloak
§0 s
© B
3 g
020 20
1% 123
< Q
©_40 ©40

0.00 0.08 0.16 0.24 0.32 0.00 0.08 0.16 0.24 0.32

Frequency (GHz) Frequency (GHz)

FIG. 4. Total scattering cross sections, o, for the pure PMC
(red), the PMC with our cloak (black), and the PMC with a
conventional OCM cloak (blue) over a continuous range of fre-
quencies (from 0.02 to 0.3 GHz) for different incident angles: (a)
0°, (b) 30°, (c) 60°, and (d) 90°.

B. Realization of the cloak with metamaterials (under
the assumption of strong dispersion)

Before studying the properties of strong dispersion of
the ONM, we first show some potential ways to realize
the proposed cloak. The realization of our cloak can be
divided into two regions: outside the branch cut and inside
the branch cut. The regions of our cloak outside the circular
branch cut are isotropic materials, with an index from 0 to 2
[see Eq. (2); approaching vacuum in the far region], which
we have studied in theory [18] and realized experimentally
[14]. The regions inside the branch cut are ONMs with var-
ied principal axes, which are experimentally realized in the
microwave-frequency band [15,30]. One method to real-
ize ONMs was proposed by Zhou’s group [15], who used
a well-designed photonic system composed of a porous
metallic plate with a periodic array of subwavelength aper-
tures to mimic an ONM. Another method, proposed by
Chen’s group [30], is to use the Fabry-Pérot resonances
of a metallic slit array to mimic an ONM in a set of res-
onant frequencies. We can also use zero-index materials
(ZIM) [31] and metal walls to mimic the ONM, i.e., the
ZIM guarantees zero-phase advance and the metal walls
prevent cross talk of each microchannel. For example, we
can place perfect electrical conductors (PECs) along the
principal axes of the ONMs and fill in the gaps with a ZIM,
as shown in Fig. 5(a). In the magnified plot of Fig. 5(a),
we can see that every two adjacent PEC boundaries and
the ZIM between them form a microchannel, and no inter-
ference occurs between each of the microchannels, which
ensures that the phases are the same between the incident
and exit interfaces.

Now we show our cloak has a broader bandwidth
compared with that of a conventional OCM cloak with the

—Real part of saind U
——Imaginary part of ¢and u

W 0 !

0.08 0.12 0.16 0.20

f—
B —

Frequency (GHz)
(C) _Realpart of cand
. —_ & u
Microchannels 0.05+ -==lmaginary part of cand

WL ]

1 - - R i
rPEC  0.001 ]
Approximation to
the ZIM |
/

-0.05

Zero index materials 0.098 0.100 0.102
Frequency (GHz)

FIG. 5. One possible approach to realize our cloaks: using 27

microchannels composed of PECs and ZIMs. (a) Black curves
and white gaps represent PEC boundaries and ZIMs, respec-
tively. (b) Dispersion of the ZIM (Lorentz model). (¢) Frequency
band we use as ZIM (0.0975-0.1025 GHz).

same strong material dispersion (using the Lorentz model).
In this case, the parameters of the ZIM are replaced by the
Lorentz model, which is given by

wy? — w* +iyw

(wo? — w2)2 + yzwz’

e(w) = pw) =1+, (13)

where w,/2m =0.1 GHz, w¢/2r =0.0005 GHz, and the
damping coefficients (representing the material loss) y
/2w =0.0005 GHz. The dispersion curves are shown in
Figs. 5(b) and 5(c).

The reference we use here is a conventional OCM cloak,
with two mirrored Maxwell fish-eye lenses in the lower
Riemann sheet [17,18], which has both geometrical dis-
persion and material dispersion (the Lorentz model is
also used to mimic the large permittivity range, 0—160,
inside the branch cut). To match the boundary conditions,
we replace the TE wave with a TM wave and change
the materials outside of the circular branch cut with the
following replacement: (e =n?, e=1)—>(s =1, e =n?).
Figure 6(a) shows the total scattering cross sections for
the PEC with our cloak (with 27 microchannels), the
pure PEC, and the PEC with a conventional OCM cloak.
The corresponding field patterns at some frequencies are
shown in Figs. 6(b)—6(g). Notably, the narrow bandwidth
of the conventional OCM cloak (red curve) originates
from both the geometrical dispersion and the material
dispersion. The inconsistent change of refractive index
with frequency shifts usually makes the refractive index
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FIG. 6. (a) Total scattering cross sections for the pure PEC
(blue), the PEC with a conventional OCM cloak (red), and the
PEC with our cloak (black) in a frequency band from 97.5
to 104.5 MHz. (b)«g) Electric field distribution (E,) in a fre-
quency band: (b) 0.098 GHz, (c) 0.099 GHz, (d) 0.100 GHz, (e)
0.101 GHz, (f) 0.102 GHz, and (g) 0.103 GHz.

distribution completely disordered (away from the theoret-
ical cloak design), even with a tiny frequency shift, i.e., its
cloak performance is more sensitive to a frequency shift.
In Fig. 6(a), all parameters of the conventional OCM
cloak are adjusted to an accurate value [Eq. (12)] at a
fixed frequency, and therefore, we can see a cloaking effect
(the red dip). However, in the process of fabrication, the
machining error makes each unit cell deviate slightly from
its original shape, i.e., we cannot adjust the unit cell to an
accurate value as we do in the simulation at any frequency.
Therefore, we cannot find a single frequency where we
can see the cloaking effect for a conventional OCM cloak.
On the contrary, our cloak only uses one unit cell, and we
can still find a cloaking effect in a neighboring frequency
range, even if the unit cell deviates from its designed shape.
Therefore, our cloak is more robust to fabrication errors.

IV. DISCUSSION

A. Reduction of the material dispersion

Previous OCM cloaks have both geometrical dispersion
and material dispersion. Although the geometrical

dispersion is fixed in our design, the material dispersion of
a passive ZIM still limits the bandwidth of our cloak. The
bandwidth can be improved, such as using broadband zero-
index materials [32—34]. Although passive cloaks have
some bandwidth limitations [35], active zero-index mate-
rials can be an effective way to fix the material dispersion
problem and further broaden the bandwidth of our cloak
[36]. Another way to reduce the material dispersion on our
cloak is to realize the ONM without using a ZIM. Some
studies realize the ONM without using a ZIM [37], and
here we use a similar method to make some reduction to
our cloak by replacing the ZIM with normal dielectrics for
a refractive index ranging from one to two, which can be
easily realized using materials with weak dispersion.

B. Practical realization of a simplified cloak

From the above discussion, we can see the most diffi-
cult part, preventing the practical realization of the cloak,
lies in the ZIMs of each microchannel, which is also the
principal part limiting the bandwidth. We now replace the
ZIMs using normal dielectrics to simplify the cloak. By
proper choice of the refractive index of each microchan-
nel, i.e., ensuring the optical path in each microchannel to
be integer multiples of the wavelength, we can also obtain
a satisfactory cloaking effect. Here, the designed work-
ing frequency is 0.305 GHz and the designed refractive
index value for each of the 27 microchannels is shown
in Fig. 7(a), which ranges from one to two. Figure 7(b)
shows the total scattering cross sections per unit length for
the bare PEC without a cloak (red), the PEC with an ideal
ONM cloak (blue), and the PEC with a simplified cloak
(black). We can see that our simplified cloak still has a
good cloak performance within a bandwidth of about 10%.
However, the materials inside the branch cut are greatly
simplified to isotropic dielectrics (homogenous in each
microchannel) with a refractive index ranging between one
and two, which can be easily realized using materials with
weak dispersion. Our simplified cloak is composed of three

b
104 —Ideal ONM |
o —s—Microchannel with dielectrics
= —Object without cloak
o 0+
1]
©
B
»=104
2]
2
©_20

0.295 0.300 0.305 0.310 0.315 0.320
Frequency (GHz)

FIG. 7. (a) Refractive index distribution inside the branch cut
of the simplified cloak (homogenous in each microchannel). (b)
The total scattering cross sections of the bare PEC without a
cloak (red), the PEC with an ideal ONM cloak (blue), and the
PEC with a simplified cloak (black).
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parts: metal boundaries inside the branch cut, magnetic
materials outside the branch cut, and dielectrics inside
each metal boundaries, which can be practical realized by
metal walls and ordinary magnetic and dielectric slabs with
holes, respectively. We can realize our cloak from ordinary
materials without using metamaterials with complex struc-
tures. Therefore, our cloaking method will play a role in
promoting more practical invisibility technology.

V. CONCLUSION

By introducing an optically null medium during opti-
cal conformal mappings, we can design an omnidirec-
tional two-dimensional cloak using ZIMs to eliminate the
geometrical dispersion. It is also possible to use normal
dielectrics (resonant microchannels) instead of the ZIMs to
achieve a more practical cloak with a relaxed requirement
(with geometrical dispersion). The latter has more prac-
tical applications, e.g., two-dimensional on-chip optical
systems; our cloak can isolate some special components
from the surrounding light waves and, at the same time,
it will not break the original optical signal transmission
path. The fabrication of curved metal walls will become
easier with the development of micro- and nanoprocess-
ing technology, which contributes to the realization of our
omnidirectional cloak.

In conclusion, we solve two major issues of OCM
cloaks: (1) geometrical dispersion, which determines
the fixed discrete working frequency; and (2) the large
refractive index range in the interior of the branch
cut, which originates from the conformal transformation
(w =z + a*/z; mapping an infinite plane to the interior of a
circle). We change these materials to homogenous ONMs
or normal dielectrics. Our cloaks have the following
advantages: first, no phase-delay problem: the geometrical
dispersion is removed and the bandwidth is improved; sec-
ond, more robust to fabrication errors; third, our cloak does
not require any complex material that is both anisotropic
and inhomogeneous; and fourth, the cloaks are omnidirec-
tional. Our method can also extend to other OCM devices
and to two-dimensional on-chip photonic systems, e.g.,
cross-talk-free and zero-phase advance waveguides.
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