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Abstract: Cloaks can greatly reduce the scattering cross-section of hidden objects through
various mechanisms, thereby making them invisible to outside observers. Among them, the
full-space omnidirectional cloak based on transformation optic with full parameters are difficult
to realize without metamaterials and often needs to be simplified before realization, while
most cloaks with simplified parameters have limited working direction and cannot achieve
omnidirectional cloaking effect. In this study, a full-space omnidirectional cloak is designed
based on transformation optics and optic-null medium, which only needed natural materials
without metamaterials. The designed omnidirectional cloak is realized by subwavelength metal
channels filled with isotropic dielectrics whose refractive indices range from 1 to 2, which
is homogeneous in each channel. The numerical simulation results verify good scattering
suppression effect of the designed cloak for various detecting waves.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The perfect electromagnetic cloak can create a concealed region that is invisible (i.e., scattering
cross-section is zero) for arbitrary detecting waves, which can be designed by various methods
[1–3]. Among these methods, transformation optic (TO), which is based on the form-invariance
of Maxwell’s equations under coordinate transformations, is the most common way used to design
perfect cloaks [4–6]. However, the full parameters of perfect cloak, which is often inhomogeneous
anisotropic medium with singularity, are difficult to realize without reductions. To realize the
function of invisibility, various methods have been proposed to reduce the parameters of the
perfect cloak, which include eikonal approximation [7–9], line-extended transformation [10–12],
triangular transformations in blocks [13–15], sacrificing phase information or directions of
observation [16–20], designing together with deep learning or optimization algorithms [21–24],
introducing optic-null medium (ONM) [25–30] and metasurfaces [31–34]. Most previous
cloaks require the use of metamaterials (usually involving sub-wavelength processing techniques
and gradual control of unit’s geometrical parameters) [7–15], and very few cloaks have been
achieved by natural materials (without artificial structures) [16–18,25–27]. However, these
cloaks by natural materials cannot achieve omnidirectional invisible effect (only effective for
a few discrete detecting directions or a certain range of incidence angles). Note that most of
the current experimentally validated cloaks are carpet cloaks (half-space invisibility) [35–39],
which can make a curved surface appear to be a flat plane rather than reducing the scattering
cross-section as full-space cloaks. The common problem with current full-space cloaks is that
they either require the need of metamaterials to realize, or are only effective for a limited number
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of detecting directions. It is still challenging to realize omnidirectional invisibility cloak with
natural materials.

ONM is an extremely high anisotropic medium derived from TO, and can be utilized to design
various electromagnetic devices that previously could only be designed by TO [40–45]. In
recent years, many full-space cloaks with easily achievable parameters have been proposed and
experimentally verified with the help of ONM [25–30]. However, the current full-space cloaks
based on ONM still have the problems described above, i.e., they either have restricted detecting
directions [26,27] or require the use of metamaterials to realize [29,30]. In this study, we design
full-space omnidirectional cloak with easily achievable parameters by natural materials that
can greatly reduce the scattering cross-section. Firstly, an omnidirectional cloak is designed
by TO, and then OMN is introduced to simplify the parameters of the designed cloak. Then,
subwavelength metal channels surrounded by metal plates and filled with homogeneous isotropic
dielectric in each channel are designed to realize the designed omnidirectional cloak.

As shown in Fig. 1(a), the designed cloak is made up of subwavelength metal channels filled
with homogeneous isotropic dielectric in each channel. The subwavelength metal channels are
surrounded by metal plates, which are designed as linear segments and modeled as perfect electric
conductors in microwave frequencies. The refractive indices in each channel are homogeneous,
which are between 1 and 2 (see Fig. 1(b)). The concealed regions are located in the four corners
of the cloak, within which objects of any shape and material can be hidden for detecting waves
from any direction.

Fig. 1. (a) The schematic diagram of the designed full-space omnidirectional cloak by
metal plates (thick black lines) and dielectrics (colored green and yellow). The concealed
region is indicated by four red quadrilaterals, which are enclosed by metal plates. (b) The
refractive indices distribution within the cloak in (a). The refractive indices of the objects
inside the concealed region (colored white) can be arbitrary.

2. Omnidirectional cloak by TO and ONM

The coordinate transformation used to design omnidirectional cloak is shown in Fig. 2. The
identity transformation is used on the exterior of two square areas with side length l3. The
correspondence between various regions within the two square areas with side length l3 are:
the thin green region in the reference space is stretched to the thick green region in the real
space; the yellow square region with length l2 in the reference space is compressed to the yellow
square region with length l1 in the real space; the short line segments (colored thick black) at
four corners in the reference space are expanded to four polygonal areas (colored gray) in the real
space. From the perspective of TO, the scattering cross section of concealed regions (i.e., four
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gray polygonal areas) in the real space is the same as the scattering cross section of four short
line segments in the reference space, which can greatly reduce the scattering of the concealed
objects. Furthermore, the four short line segments in the reference space can also be designed as
four points when their lengths approach to zero, which can be obtained by introducing ONM
later, and in this case perfect omnidirectional invisibility can be created.

Fig. 2. The correspondence between different regions between (a) the reference space and
(b) the real space to design an omnidirectional cloak. The green region and yellow region are
stretched and compressed respectively from the reference space to the real space. The gray
regions are concealed region. The purple lines represent two corresponding light trajectories
with different incident angles. In reference space, the right-angled triangular region in the
first and fourth quadrants can be divided into three regions W1, W2 and Wcr (we choose
l4= (l1+ l3)/2 and l5= (l2+ l3)/2 in our design), which correspond to W1’, W2’ and Wcr’ in
real space.

Two square areas with side length l3 in Fig. 2 can be divided into four right-angled triangular
regions based on their diagonals. Take the example of right-angled triangular region in the first
and fourth quadrants, the coordinate transformation in Fig. 2 can be expressed as:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x′ =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
l1x/l2, (x, y) ∈ Ωcr

K1x + C1, (x, y) ∈ Ω1

K2x + C2, (x, y) ∈ Ω2

y′ =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
l1y/l2, (x, y) ∈ Ωcr

l1y/x, (x, y) ∈ Ω1

(K3x + C3)y/x, (x, y) ∈ Ω2

z′ = z

, (1)

where K1= (l4-l1)/(l5-l2), C1= l4-K1l5, K2= (l3-l4)/(l3-l5), C2= l4-K2l5, K3= (l3-l1)/(l3-l4), and
C3= l1-K3l4 are constants related to the internal geometry of two square areas. The quantities
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with and without primes are used to represent quantities in real space and reference space,
respectively. Identity transformation is used on the exterior of two square areas, therefore the
exterior of both square areas is air. Based on symmetry, the coordinate transformations in other
right-angled triangular regions can be obtained by taking the replacement in Eq. (1): (x, y)→(y,
x), (x’, y’)→(y’, x’) for the triangular regions in the first and second quadrants; (x, y)→(-y, x),
(x’, y’)→(-y’, x’) for the triangular regions in the third and fourth quadrants; (x, y)→(-x, y), (x’,
y’)→(-x’, y’) for the triangular regions in the second and third quadrants.

The corresponding relationship between permittivity/permeability in the reference space and
the real space can be calculated by TO [4–6]:⎧⎪⎪⎨⎪⎪⎩

ε′ = JεJT

det(J)

µ′ =
JµJT

det(J)

, (2)

where the J=∂(x’, y’, z’)/∂(x, y, z) is Jacobian matrix whose determinant is det(J). The permittivity
and permeability of the designed cloak in the real space can be obtained by using Eq. (1) and
Eq. (2):

ε′ = µ′ =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

diag(1, 1, (l2/l1)2), (x′, y′) ∈ Ω′
cr⎛⎜⎜⎜⎜⎝

a11 a12 0

a21 a22 0

0 0 a33

⎞⎟⎟⎟⎟⎠
, (x′, y′) ∈ Ω′

1

⎛⎜⎜⎜⎜⎝
b11 b12 0

b21 b22 0

0 0 b33

⎞⎟⎟⎟⎟⎠
, (x′, y′) ∈ Ω′

2

, (3)

where ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a11 = (−C1 + x′)/l1
a12 = a21 = −(y′/l1)

a22 = −((l12 + y′2)/(C1l1 − l1x′))

a33 = (−C1 + x′)/(K1
2l1)

b11 = K2(−C2 + x′)/D(x′)

b12 = b21 = −C3K2
2y′/D2(x′)‘

b22 = K2
3[(D(x′)/K2)

4 + C3
2y′2 ]/[ (x′ − C2)D3(x′)]

b33 = (−C2 + x′)/(K2D(x′))

. (4)

The permittivity and permeability of the designed cloak in regions W1 and W2 can also be
expressed as diagonal matrices through coordinate rotation in its principal axis coordinate system.
In this case, the permittivity and permeability of the designed cloak in Eq. (3) can be further
expressed as:

ε′d = µ
′
d =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
diag(1, 1, (l2/l1)2), (x′, y′) ∈ Ω′

cr

diag( 1
2

(︂
a11 + a22 +

√
P
)︂

, 1
2

(︂
a11 + a22 −

√
P
)︂

, a33), (x′, y′) ∈ Ω′
1

diag( 1
2
(︁
b11 + b22 +

√
Q
)︁
, 1

2
(︁
b11 + b22 −

√
Q
)︁
, b33), (x′, y′) ∈ Ω′

2

, (5)
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where P= a11
2+4a12

2-2a11a22+ a22
2 and Q= b11

2+4b12
2-2b11b22+ b22

2. The subscript ‘d’ in
Eq. (5) indicates that the permittivity and permeability are diagonalized in the principal axis
coordinate system. Note that the designed cloak in Eq. (5) has two limitations: the first is that the
designed cloak is gradient as parameters in Eq. (5) which are related with x’ and y’. Secondly,
the cloaking effect is not perfect, as the gray concealed regions in the real space correspond
to the short black segments of certain length (not ideal points without cross-sections) in the
reference space. Only if these line segments in the reference space are much smaller than the
detecting wavelength, the designed cloak can give a good performance. Next, we will show how
to eliminate material gradient and create a perfect invisibility by introducing ONM.

If the green region in Fig. 2(a) is extremely thin (i.e., l3→l2), it will be reduced to a surface
(will no longer be a volume of space), and the short black segments will be reduced to points. In
this case, the gray regions in the real space are compressed into points in the reference space, the
perfect invisibility can be expected. At the same time, ideal ONM are introduced in the green
region in the real space (corresponds to the surface in the reference space). This can be made by
taking the limitation l2→l3 in Eq. (5):

ε′d = µ
′
d =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
diag(1, 1, ( l2

l1 )
2), (x′, y′) ∈ Ω′

cr

diag( 2l1
∆

, ∆4l1 , 2∆
l1 )
∆=l3−l2→0

→ diag(∞, 0, 0), (x′, y′) ∈ Ω′
1

diag( l1
∆

, ∆l1 , ∆l1 )
∆=l3−l2→0

→ diag(∞, 0, 0), (x′, y′) ∈ Ω′
2

, (6)

with ∆=l3–l2→0. By assuming l2→l3, the media in the regions in Ω1’ and Ω2’ are ideal ONM.
Numerical simulations in Fig. 3 verify the omnidirectional cloaking effect of the designed cloak
based on ideal ONM in Eq. (6). As shown in Fig. 3, four concealed regions (modeled as perfect

Fig. 3. The simulated normalized magnetic field’s z component Hz for the omnidirectional
cloak with Eq. (6) when the detecting source is a plane wave (a)∼(c) or a line current (d)∼(f).
(a)∼(c) The detecting plane waves are incident on the cloak from 0 degree (a), 22.5 degrees
(b), and 45 degrees (c). (d)∼(f) The detecting line currents are located at (a) (-6λ, 0), (b)
(-5.54λ, -2.30λ), and (c) (-4.24λ, -4.24λ) from the center of the cloak. The simulation
domain is surrounded by perfect matched layer with a thickness of λ/10. The geometrical
parameters of the designed cloak are chosen as l1=λ, l2= 1.99λ, l3= 2λ, l4= (l1+ l3)/2,
l5= (l2+ l3)/2, and λ=1 cm.
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electric conductor (PEC) in simulations) have no scattering effect on plane waves incident from
different directions or on line current radiation at different spatial locations, thus verifying the
omnidirectional working characteristics of the designed cloak.

3. Realization design

The permittivity and permeability of the ideal ONM, which is infinite large along its main axis
and zero in other directions, is almost impossible to achieve. However, there have been some
implementations and experimental validations of reduced ONM [25–30,40,41]. These methods
of implementing reduced ONM can be classified into two main categories: one is based on
metamaterials (which usually operate near the cut-off frequency of the waveguide metamaterial)
[29,30,41], and the other is based on subwavelength metal channels [25–28,40]. Compared
with metamaterials, metal channels are easier to process (without fabricating subwavelength
artificial units). Previous cloaks, which are based on ONM implemented with metal channels,
have equal length between input and output surfaces [26,27,29]. Although they can be realized
by equal length metal plates without filling any media (i.e., air channels), these cloaks are only
effective for a limited number of detecting directions. To achieve omnidirectional cloak by metal
channels, metal plates of equal length cannot be used, which would result in having to fill each
metal channel with some dielectrics. Different from previous methods (i.e., each channel is filled
with a graded refractive index medium) [28], our design is to fill each metal channel with a
homogeneous dielectric to achieve omnidirectional cloaking effect.

To realize the ONM in the regions W1’ and W2’ (see Eq. (6)), we can fill homogeneous
dielectrics in subwavelength metal channels (see Fig. 1(a)). The metal channels are surrounded
by metal plates, whose orientations are consistent with the main axes of ONM and separations are
between λ/15 and λ/30 in our design. Since the geometry of the designed cloak are symmetric
about the center of the origin, we only give the design of the metal channels and filling materials
in the first quadrant. The channels in the first quadrant are marked with the channel number p in
Fig. 4(a), which is a positive integer and ranges from 1 to 30. The refractive indices np of the
p-th metal channel can be designed according to the following FP condition:∫

lp
npdl =

mλ
2

, (7)

where lp is the geometrical length of the p-th channel and m is a positive integer, which are
related with the channel number p in Fig. 4(b). The metal channels and the filling materials in
other quadrants can be designed by rotating the design in the first quadrant around the origin (see
Fig. 1(b)). The cloaking effect can be further improved by increasing the total channel number
(i.e., reducing the separation between each metal channel), as the larger total channel number can
make the effective parameters of the channel structure closer to the perfect ONM. However, the
larger total channel number will increase the difficulty of fabricating the structure.

Numerical simulations verify the designed cloak by subwavelength metal channels filled with
homogeneous dielectric in Fig. 1 can greatly reduce scattering when the detecting plane wave
incidents from different angles (see Fig. 5(a)-(c)). For comparison, Figs. 5(d)-(f) show the cases
that the designed cloak is removed (only four PEC corners are left) when the detecting plane wave
incidents from corresponding angles, in which obvious scattering appear. To further verify the
omnidirectional cloaking effect of the designed metal channel structure, the detecting source is
chosen as a line current in Fig. 6. When the detecting line current is located at different positions,
the four PEC quadrangles in free space will produce noticeable scattering (see Fig. 6(d)-(f)).
Once the designed cloak by metal channels is applied around four PEC quadrangles, the scattering
can be greatly reduced (see Fig. 6(a)-(c)).

As homogeneous dielectrics are filled inside subwavelength metal channels in Fig. 4, it will
cause a sharp change in the refractive index at the boundary between the channels and the
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Fig. 4. (a) Adjacent metal plates (black lines) form a channel. The channel numbers p from
1 to 30 start from the tail of the arrow and increase in the direction of the arrow. (b) Relative
length Lp/λ and the integer multiple number mp of each subwavelength channel (only shows
subwavelength channels of the region W1’ and W2’ due to symmetry).

Fig. 5. The simulated normalized magnetic field’s z component Hz when the detecting
plane wave incident onto four PEC quadrangles with the designed cloak by metal channels
(a)-(c) and without the designed cloak (d)-(f). The detecting plane waves incident from 0
degree (a), (d), 22.5 degrees (b), (e), and 45 degrees (c), (f).
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Fig. 6. The simulated normalized magnetic field’s z component Hz when the detecting
source is a line current. (a)-(c) the four PEC quadrangles are inside the designed cloak by
metal channels. (d)-(f) the four PEC quadrangles are in free space without the designed
cloak. The detecting line currents are located at (-6λ, 0) for (a) and (d), (-5.54λ, -2.30λ) for
(b) and (e) and (-4.24λ, -4.24λ) for (c) and (f) from the center of the four PEC quadrangles.

air/center regions, which leads to the impedance mismatch and results in weak scatterings in
Figs. 5(a)-(c) and Figs. 6(a)-(c). These weak scatterings can be reduced by using dielectrics
with gradient refractive index to fill each metal channel. However, it would be very difficult to
fabricate the channels with inhomogeneous materials.

A similar structure has been designed by other group [28], which numerically shows a good
cloaking effect for detecting beam with a finite width. Compared with the cloak in Ref. 28, our
design in Fig. 3 has a better performance, i.e., the average radar cross sections (RCS) for detected
waves of different incident directions are 6.76×10−4λ for the cloak in Ref. 28 and 4.33×10−8λ
for our cloak in Fig. 3, respectively. In addition, the proposed omnidirectional cloak in Fig. 3 can
be realized by natural materials in Fig. 1 without metamaterials.

4. Conclusions

The current full-space cloaks based on TO either have restricted detecting directions or require
the use of metamaterials to realize. To achieve omnidirectional invisibility effect without
metamaterials, a full-space omnidirectional cloak that can greatly reduce the scattering cross-
section of hidden objects for detecting waves from any direction by natural materials is proposed
by TO and ONM. The proposed cloak can be realized by subwavelength metal channels filled
with homogeneous isotropic dielectrics in each channel, which shows good omnidirectional
scattering reduction effect from various detecting waves. Compared with previous invisibility
cloaks, the designed cloak in this study can not only be effective for the detecting wave from any
direction, but also only need metal plates and homogeneous dielectrics with refractive indices
between 1 and 2, which provides an effective and simple way to achieve omnidirectional cloak
without metamaterial.
Funding. National Natural Science Foundation of China (61971300, 61905208).
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