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Abstract

The combination of the development of modern metamaterials, which are artificial ma-
terials whose constitutive parameters can be engineered to achieve special functions, and
the coordinate transformation theory, has offered an unprecedented opportunity for real-
izing invisibility cloaking. Coordinate transformation theory predicts that by squeezing
the space to form a “hole” in it, any object inside the “hole” becomes completely invisi-
ble from electromagnetic waves. A metamaterial shell can thus be designed to mimic this
space squeezing and function as an invisibility cloak whose user cannot be seen by oth-
ers. In this thesis, a systematic electromagnetic study of transformation-based invisibility
cloaks is provided based on the macroscopic Maxwell equations.

Analytic scattering models are formulated for studying ideal and non-ideal invisibility
cloaks. The physics behind perfect invisibility that the coordinate transformation theory did
not show is explored by analytically calculating the spatial distribution of electromagnetic
fields. Firstly, it is shown that an external electromagnetic wave illuminating a cylindrical
cloak will induce electric and magnetic surface currents along the ¢ direction at the inner
boundary of this cloak. These surface currents have no counterparts in the transformation
theory because they do not exist before transformation. Secondly, the reciprocity of a spher-
ical cloak is demonstrated by showing that radiation from an active device in the concealed
region is confined in the concealed region. The mechanism is that the outgoing radiation
will induce surface voltages at the inner boundary of the cloak that reflect all waves back.
These physical surface voltages provides a set of mathematical boundary conditions requir-
ing normal D and normal B to vanish on the interface. Finally, the mechanical response
of the cloak to external electromagnetic waves is analyzed by calculating the Lorentz force
distribution. It is shown that an incoming plane wave tends to expand the bulk of a cloak
while squeezing the outer boundary of the cloak at the same time. The recoil forces of these
forces provides an alternative explanation for the bending of rays or photons.

More realistic cases with perturbed constitutive parameters are analyzed. It is shown
that under certain symmetric lossy conditions, the spherical cloak is still invisible for a
back-scattering detector due to impedance matching, while a cylindrical cloak with the
same lossy conditions is visible. More emphasis is laid on the effect of dispersion asso-
ciated with metamaterials. By applying the Drude and Lorentz types of dispersion to the
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radial permittivity and radial permeability of a spherical cloak, it is shown that electromag-
netic waves with different frequencies have different depths of penetration and thus form
a rainbow-like field distribution inside the cloak. A quasi-monochromatic wave will expe-
rience a blue-shift in the forward propagating direction. Transmission of a Gaussian pulse
through this dispersive cloak is discussed. It is shown that group velocity and energy trans-
port velocity are not well-defined when the wave is approaching the inner boundary because
the wave is seriously distorted. However, when the frequency band is narrow enough, we
are still able to define the time-delay of the signal arriving at a target plane behind the cloak.
A counterintuitive volcano-shaped time-delay is demonstrated as a concrete example.

An electromagnetic detection method is introduced for detecting a perfect cloak. While
photons can be guided by the cloak along curved trajectories within the cloak, a moving
charged particle will still follow a straight trajectory due to its inertia and thus generate radi-
ation. We extend the previous Frank and Tamm’s theory of Cerenkov radiation in isotropic
and homogeneous media to the case of a perfect spherical cloak that is both anisotropic and
inhomogeneous. From the transformation viewpoint, the radiation is from the nonuniform
motion of the charged particle along a bent curve in the virtual space. The transition radia-
tions that occur at the incident point and emitting point when the particle enters and leaves
the cloak in the physical space correspond to the abrupt velocity changes at the correspond-
ing points in the virtual space. The transition radiation during the piercing process in the
physical space corresponds to the deceleration and acceleration radiation (Bremsstrahlung)
and synchrotron radiation in virtual space. In our demonstrated spherical cloak with inner
radius of 1zzm and outer radius of 2um, it is obtained that within the frequency range from
500 THz to 501 THz, a charge package of 1000 electrons moving with 0.9¢ can generate
radiation energy equivalent to about 78 photons.

The practical implementation is considered. For simplified cloaks that are often pre-
ferred in experiments, the influences of nonlinear transformation and incident angle are
first studied. It is seen that a square root transformation which forces the waves to be
guided close to the outer boundary is more invisible than those generated by either linear
or quadratic transformation. Simplified cylindrical cloaks may produce a larger scattering
at nonnormal incidences than that from an object without any cloak. In addition, we suggest
using a small number of homogeneous and anisotropic metamaterial layers to construct a
practical cloak with satisfying performance with normal incidence and oblique incidence.
Genetic algorithm was used to optimize the practical multi-layer structures. It is shown
that using an optimized 4-layer cloak, the normalized scattering cross section from a per-
fect electric conductor cylinder can be reduced from 2.19 to 0.0039 with normal incidence.
Another optimized 4-layer cloak working for the incidence of 30° is shown able to reduce
the scattering cross section from 1.175 to 0.013. The latter cloak exhibits reduce scattering
over a large range of incidence angles.
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Chapter 1

Introduction and Motivation

From the Greek mythic hero Perseus to the most recent Harry Potter, the concept of invisi-
bility cloaks whose user cannot be seen by others has been appearing frequently in legends
and scientific fiction. Since 2005 the scientific study on invisibility has started in its true
sense. It is the purpose of this thesis to provide a systematic electromagnetic study on the
class of coordinate transformation-based invisibility cloaks.

Before our discussion, the scientific description of invisibility should be clarified . Fig-
ure 1-1 sketches the situation when an object is illuminated by an external electromagnetic
wave. If the object is not identical with the background, it will produce reflection (backward
scattering) and other scattering, which subsequently render the object visible or detectable.
Therefore, the scattering in all different angles are the reasons of visibility of an object. If
there is no absorption, no scattering, and the transmission is identical to the incidence, the

object is completely invisible.

1.1 Historical efforts on invisibility cloaking

From Fig. 1-1, it is seen that the reflection and scattering are the main reasons of visibility
and thus must be minimized to achieve invisibility. Historically, a lot of efforts has been
made to reduce the reflection or scattering. Here we list several typical approaches before

we introduce the transformation theory.

1. Radar absorbing materials

21
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Reflection
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No Scattering
Scattering

Figure 1-1: An external wave incident onto an object. (a) The object is visible due to
reflection (backward scattering), other scattering, and absorption. (b) The object is invisible
if the transmission is exactly the same as the incidence.

It is very intuitive that if all the incident waves are absorbed, at least the reflection
can be very small. Since most radar systems are monostatic (the transmitter and
receiver are at the same location) and detect objects by detecting the reflected waves,
absorbing the incident wave is a good choice to be invisible from the monostatic
radars. Due to this reason, radar absorbing materials (RAM) have been an important
consideration in radar systems [7, 8]. However, this method in general does not work

for bistatic radar systems (the transmitter and receiver are not at the same location).

2. Plasmonic cloaking of nanoparticles

In 2005, a new method was proposed to cloak nanoparticles by coating them with
plasmonic materials whose permittivity is negative within the optical frequency re-
gion [9, 10]. Due to the negative value of the permittivity of the coat, the first or-
der coefficient of Mie scattering, or the polarizability, is minimized. Given that in
the quasi-static limit, only the first order scattering dominates, transparency can be
achieved. This kind of cloaking is only valid for small particles. If the size of the
particle is not small, even though the scattering of first order is minimized, the other

orders of scattering are still nonzero.

3. Anomalous resonance

Another mechanism of cloaking relies on resonant interaction that can mask the
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electromagnetic signature of the body to be cloaked [11]. Different from previous
approaches, here the cloaking is achieved in a region external to the cloaking body.
This cloaking is achievable for infinitely long polarizable line dipoles. The field from
the polarizable line dipoles are canceled by anomalous resonance between the line
dipoles and the cylindrical cloak with negative permittivity. However, the field inside

this anomalous resonance region is divergent.

4. Non-local sensing

In this method [12], a lot of sensors are arranged in front of the object to be concealed.
Active sources are also attached on the surface of the object. Once the sensors detect
the incoming wave, they will send signals to the active sources which generate cor-
responding waves to cancel the incident wave in the concealed region. This way the
object can be concealed from the incoming wave. However, this method requires the
signals from the sensors propagate faster than the incident wave. Therefore, it will

be difficult to be applied to electromagnetic waves.

From the above descriptions, we can see that these approaches are not ideal, each of
which has significant limitations. For example, for the first approach, the invisibility is
only in one direction. In the second and the third approaches, only small particles can be
cloaked and the object being cloaked must has specified constitutive parameters. The last
approach is not able to cloak object from electromagnetic waves.

In 2006, Pendry et al. [2] and Leonhardt [13] proposed a new cloaking method based on
coordinate transformation, and this method is able to cloak a large object in all directions
regardless of the object to be concealed. We will introduce the application of the coordinate

transformation in electromagnetics in the following.

1.2 Transformation theory

Analogous to general relativity, where time and space are curved, transformation theory
shows that the space of electromagnetics can also be bent in an almost arbitrary way. The

relation between electromagnetic wave propagation and effective space-time geometries
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was considered in early literatures [14], with the basics of transformation concepts estab-
lished later [15]. However, these early literatures were almost forgotten. More recently,
inspired by the transformation concepts and the assumption that metamaterial is able to
realize arbitrary constitutive parameters, Pendry et al. [2] theoretically proposed a general
recipe for designing an electromagnetic cloak in which the space from an original volume
of free space is squeezed into a shell surrounding the object to be concealed and exter-
nal waves which would have struck the object can effectively be guided by the “curved”
space constructed by anisotropic and inhomogeneous metamaterials, as shown in Fig. 1-2.
An arbitrary object can be hidden because it remains untouched from external radiation.
At the same time, Leonhardt [13] described a method where the Helmholtz equation is
transformed to produce similar effects in the geometrical optics limit but with a different
opinion that “one can never completely hide from waves” due to “the wave nature of the
light”. Shortly after that, a simplified two-dimensional (2D) model based on Pendry et al.’s
proposal was demonstrated experimentally to show the effectiveness of a transformation-
based invisibility cloak [6]. However, due to its inherent scattering and other imperfections,

this experiment did not answer the question whether perfect invisibility is achievable or not.

|
|
(a) Flat space (b) Bent space

Figure 1-2: (a) A flat space in Cartesian coordinates. (b) A bent space generated by co-
ordinate transformation from (a). A light trajectory (thick line) which is straight in (a) is
guided around the central hole in (b).

In this section we will introduce the transformation properties of the constitutive rela-

24



tions of electromagnetic materials. We first start with the Minkowsky form of Maxwell’s

equations [16]

Faﬁ,n + Fﬁu,a + Fua,ﬂ =0
Gob = gk

(1.1)

which is form-invariant for general space-time transformations. The tensors in the above

Minkowski form are
0 B B B )

(Fap) = (1.2)
—E2 CB3 0 —CBl

—-Eg -—632 CB1 0 )

0 -—-cDi —cDq —cD3\

D 0 —H H
Gty =| ! o (13)

cp
Ji
(Jg) = (1.4)
Ja
J3
The space-time coordinate vector is written as (z®) = (ct,z,y, z). All the information

regarding the topology of the space is contained in the constitutive relations
GoP = 1Caﬂw/ F 1.5
- § Qv ( . )

where C*%#¥ is the constitutive tensor representing the properties of the medium, including

its permittivity, permeability and bianisotropic properties. C*** is a tensor density of
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weight +1, so it transforms as [15]
COPHY = | det(AY )| IAL NG AX AY P (1.6)

where the Jacobian matrix is
AY oz®
« T Hze

1.7

If we restrict ourselves to transformations that are time invariant, i.e., only the space is
transformed, the permittivity and permeability are also tensors individually. Specifically,

they are tensor densities of weight +1, which transforms as [15]
€7 = | det(A])| AV AT € (1.8)

7 = | det(AL)| AT AT (1.9)

Now let us put these transformations to use. In Pendry et al.’s original paper [2], a
simple transformation in spherical coordinates is applied by taking all fields in the region
7' < Ry in virtual space and compressing them into the region R, < r < Rj in physical

space, i.e.

r = R1 +T',(R2 — Rl)/RQ
f=4¢ (1.10)
p=¢

such that a “hole” in the region of r < R, is created. Utilizing Egs. (1.8) and (1.9), a set
of constitutive parameters can be obtained for a spherical invisibility cloak that mimics this

space transformation: for B; < r < Ra,

o Ry (T—Rl)2
R Ry (1.11)
R
@=M=E%E (1.12)
R (1.13)

f¢=ﬂ¢=*“—R2_Rl
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while forr < R;, € and y are free to take any value and do not contribute to the electromag-
netic scattering. In other words, any object inside the region r < R; is concealed perfectly
from detection without distorting field outside. Any radiation tempting to penetrate into

this region will be guided smoothly within the invisibility cloak [2].

We can also apply similar transformation in cylindrical coordinates from virtual space
(0, ¢, 2') to physical space (p, ¢, z) to create a cylindrical invisibility cloak. For example,
cloaking a central cylindrical region of radius R; by a concentric cylindrical shell of outer
radius R, can be achieved by the following transformation applied to the region p < Ryin

virtual space

p=Ri+p(R— Ri)/R;
b=¢ (1.14)

Z2=Zz

which leads to the following constitutive parameters for a cylindrical invisibility cloak in

physical space:
€ _ e _ Pt (1.15)
€ Mo P
€ _ H¢ [4
—=—==— (1.16)
€ po p— R
€ _ ke Ry yop = B (1.17)

0 pto Ro-Ri p

In most simulation studies and experiments, the cylindrical structure is commonly used
due to its relative simplicity. When the normal incidence with only one polarization is
considered, the requirements can be further relaxed by making one constitutive parameter
a constant while maintaining the refractive index. For example, for a normally incident and

vertically polarized (electric field parallel with 2 axis) wave, the requirements can be

Ry, o

= 1.18
€2 60(]%2 "R, ( )
Ho = Ho (1.19)

- R
o= (=2 (120)
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This simplified cloak still has good performance within the limit of geometric optics since

the k surface is kept the same as the original model.

1.3 Current state of research on invisibility cloaks

Theoretical part:

The theory of coordinate transformation was firstly applied by Pendry et al [2] and
Leonhardt [13] to proposing an invisibility cloak model. In Pendry et al’s original work,
the approach of ray tracing was adopted to demonstrate the cloaking phenomenon. The
invisibility was explained by perfect guiding of light rays around the concealed region [2].
The ray’s approach is an high-frequency approximation of Maxwell’s equations, which in-
trinsically omits some properties of the wave nature of electromagnetic waves. For exam-
ple, Pendry et al pointed out that there was a “critical ray” problem in their original model,
i.e. the ray headed directly toward the center of sphere “does not know whether to be devi-
ated up or down, left or right”. After the computational confirmation on the effectiveness
of a transformation-based cloak using the ray approach [2, 17], full-wave finite-element
simulations were carried out [3, 18] which provided more information about invisibility
cloaking. However, on the other hand, there were some concerns about the nonexistence
of “finite energy solution” with active sources in the concealed region [19], the possible
violation of causality [20] and energy bluing [21] of the invisibility cloak. Our group did
the first analytic scattering formalism of invisibility cloaks, and used quantitative bistatic
scattering data to evaluate ideal and nonideal cloaks [22, 23, 24]. This work is included in
this thesis.

Practical part:

Most technical studies have been focused on the cylindrical (2D) cloaking. The first
experimental demonstration of 2D cloaking was done with a simplified model where only
the constitutive parameters lying in the 2D plane are varying [6]. It shows that “the cloak
decreases scattering from the hidden object whilst at the same time reducing its shadow”
in the microwave frequency range. The structure of the metamaterial utilized stacked split-

ring resonators, each of which possesses a local resonance and behaves like an effective
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atom composing the whole effective cloak. However, the scattering from the simplified
model of cloak exists intrinsically even from a theoretical point of view [25], regardless
of the practical deviations brought during the construction and experiment process. But
this experiment demonstrated that metamaterials can be used to approximate the inhomo-
geneous and anisotropic medium and further suggested that invisibility cloaking created

from coordinate transformation is potentially possible.

Subsequent studies aiming to realize cloaking can be divided into four aspects. The first
involves possible structures of metamaterials. Some designs based on layered structures
have been proposed. Homogeneous and isotropic layers can be stacked to approximate the
required anisotropy of cloak [26]. Wires can be inserted in the radial direction to design
a non-magnetic 2D cloak whose working frequency can be shifted to optical frequency
range for horizontal polarization [27]. Similar structure can also be applied to vertical
polarization [5]. Using concentric ring structure, cloaking in the visible frequency range

has been demonstrated experimentally [28].

For the second aspect, efforts has been made to minimize the total scattering. A
quadratic transformation was used and the impedance matching at the outer boundary was
proposed to minimize the scattering [4]. However, this benefit is associated with some
constraints on the size of the cloak. Other transformations and impedance matching ap-
proaches have been studied [29]. A gap is proposed to be added at the cloak’s inner surface

to eliminate the zeroth order scattering [30].

Thirdly, some efforts were carried out to extend the operating frequency range of cloak-
ing. Due to the limitation imposed by causality, the perfect cloaks proposed in Ref. [2] can
only exist at one single frequency. But for an imperfect model, the frequency band can
be extended [31]. In addition, using active instead of passive metamaterials can possibly

realize cloaking in multiple operating frequencies [32].

The last aspect is concerned with the cloaking in different background media and with
different shapes. For example, the background can be multi-layered and gradually changing
media [33], or bianisotropic media and moving media [34]. The cloak’s shape can be

adjusted according to different situations [35, 36, 37].
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1.4 Organization of the thesis

Though the transformation theory is an elegant exhibition of invariance of Maxwell’s equa-
tions, it does not provide a full physical picture of the phenomenon of transformation-based
invisibility cloaking. For example, the original mathematical derivation of transformation
theory is for nonsingular transformation, while a cloak is usually created from a singular
transformation which needs careful examination. In addition, the properties of the trans-
formed media, such as loss, dispersion and other electromagnetic conditions, must be taken
into account. Only after all these situations are studied, can we understand the limitations

and applicability of transformation theory.

The purpose of this thesis is to provide a systematic electromagnetic study of transformation-
based invisibility cloaks. By establishing analytic scattering formalism of invisibility cloaks
of canonical shapes, we are able to analyze both ideal and non-ideal cloaks by strictly
calculating the instantaneous field over the entire physical space and providing quantita-
tive bistatic scattering data. Some fundamental electromagnetic problems with invisibility
cloaks, such as the boundary conditions, reciprocity, signal transport, are studied. The
emphasis has been placed on the physical properties of cloaks and their interpretations.
The results presented here solved some key problems in invisibility cloaking on both the
theoretical and practical levels.

The basis of the theory in this thesis is macroscopic electromagnetic wave theory. The
Chu formulation of electrodynamics [16] is used where magnetic charges and magnetic
dipoles are treated as the sources of magnetization. Throughout this thesis, the materials
considered are assumed to be linear and stationary. In addition, the complex notation is
used to represent time harmonic waves. The time domain fields can be simply written as
E(r,t) = R{Ee ™'}, where w is the angular frequency and R means taking the real part.

The contents of each chapter are as follows.

Chapter 1 provides a general introduction of the background of this thesis work. Previ-
ous efforts on invisibility and the transformation theory are introduced. Current technical

progress is summarized.

Chapter 2 is concerned with the basic physics behind the perfect invisibility cloaking.
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The wave functions inside a spherical cloak and a cylindrical cloak are derived. Based on
that, the interaction between a cloak and electromagnetic waves is explained in detail with
some insights that the transformation theory did not show.

Chapter 3 extends the analysis of perfectly matched cloaks to realistic cases. Mis-
matches and losses are introduced as perturbations in the constitutive parameters. A multi-
layer algorithm is developed to take into account the anisotropy, inhomogeneity, and the
dispersion of materials. Some interesting phenomena, such as a rainbow-like field distribu-
tion caused by different penetrations of different frequency components and the blue-shift
effect of a quasi-monochromatic wave, are studied. The signal transport is also studied. A
volcano-shaped time-delay is demonstrated in a physical model.

Chapter 4 describes the radiation generated by a fast moving charged particle going
through a cloak with uniform velocity. The dyadic Green function with an electric dipole
within a spherical cloak is first derived by vector eigenwave expansion. Utilizing the dyadic
Green function and other algebra, we demonstrate the complete time-domain radiation pro-
cess. Total radiated power and the far-field radiation pattern at a particular frequency are
calculated. This method can be utilized to detect a perfect cloak.

Chapter 5 deals with the implementation problems. The first part is about inhomo-
geneous cylindrical cloak with simplified parameters. The second part is concerned with
multi-layered cylindrical cloak with anisotropic and homogeneous layers. Genetic algo-
rithm is used to get optimized multi-layered structures that are closely invisible at normal
incidence and oblique incidence.

Chapter 6 provides the conclusions of this thesis and suggests some potential future
work.

In this thesis, the emphasis has been laid on the linearly transformed cloaks, except
some parts in Chapter 5. For a general cloak created from an arbitrary transformation, the

wave function can be found in Appendix A and Appendix B.
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Chapter 2

Physics of Perfect Invisibility Cloaks

The invisibility cloaks are created from singular transformations that transform a point or
a line into a surface and thus need careful examination. In this chapter, we will focus our
discussion on the behavior of ideal cloaks being able to create perfect invisibility cloaking.
The discussions are strictly based on the Maxwell equations without taking any approxi-

mation.

2.1 Scattering model of invisibility cloaks illuminated by
external waves

In the following we will develop analytic full-wave scattering models for both spherical
and cylindrical cloaks and provide strict analysis for each of them. The scattering models
presented here are extensions of common Mie scattering models [1] that usually deal with
isotropic and homogeneous objects to the cases of invisibility cloaks that are intrinsically

anisotropic and inhomogeneous.

2.1.1 Spherical cloak and its critical ray problem

Figure 2-1 shows that an E, polarized plane wave with unit amplitude, E; = Ze™0?, is
incident upon the coated sphere along the Z direction, where ky = w./p€p is the wave

number in air. The time dependence of e ** is suppressed. Without loss of generality, we
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R, k Incident
E wave

Figure 2-1: Configuration of scattering of a linearly polarized plane wave by a sphere
coated with a spherical cloak. The inner and outer radii of the cloak are R, and R,, respec-
tively. The concealed sphere is assumed to be isotropic.

assume that the inner sphere (r < R;) has the permittivity of €; and permeability of ;.
The cloak (R, < r < Rjy)is a kind of spherically uniaxial media characterized by

T = (6:(r) — €)iF + &1 o

7= (elr) — w)if + el

where T = 77 + 00 + ¢, €, and {4, are the permittivity and permeability along the 6 and
¢ direction, €,(r) and i, (r) are the permittivity and permeability along the 7 direction and
both of them are functions of . The field expressions for the wave propagation inside the
cloak are first studied. For source free cases, we decompose the fields into TE/TM modes

(with respect to 7*) by introducing the scalar potentials, ¥ and ¥rg:

ETM =V x ('F\IJTM)
1 _
—[Vx (@ "V x (f¥ry))]
B —iw ., (2.2)

ETM =

ETE = -V x (f\I’TE)
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Using Eqgs. (2.1)(2.2), and after some algebraic manipulations, we can obtain the wave
equations for Vs and Yrg:
La—2+ = 8(51n08)+;32+ 1k2 U=0 (2.3)
AROr? ' r2sinf oo 09" " r2sin?00¢2 AR N )
where k; = w./fiz€;; For TM wave, AR = ¢, /¢,, and for TE wave, AR = p/u,. Using the
separation of variables method and assuming ¥ = f(r)g(0)h(¢), we get h(¢) as harmonic

functions: h(¢) = e*™?®, g(f) as associated Legendre polynomials: g(6) = P™(cos#),

and f(r) as the solution of the following equation:

0? n(n+1
Z - ar™ )] ry =0 @4
If we take the parameters suggested in [2]: ¢ = ¢ R—RZR—, = etwﬁ, Pt = UOEEZR_l

and p, = ut& then for both TE and TM modes, we get AR = W)‘f Therefore, the
solution of Eq. (2.4) is:

f(r) = ke(r — Ry)bu(ke(r — Ry)) (2.5)

where b, is the spherical Bessel function. From the above analysis, we see that the solu-
tions of Eq. (2.3) in the cloak layer are composed of a superposition of Bessel functions,

associated Legendre polynomials, and harmonic functions.

In order to match the boundary conditions on the spherical surface, the incident fields
are expanded in terms of spherical harmonics. With the solutions of Eq. (2.3) for the cloak
layer, we can get the scalar potentials for the incident fields (r > Ry), the scattered fields
(r > Ry), the internal fields (r < R;), and the fields of the cloak layer (R; < r < Rj),

respectively, to be of the form:

™= cos¢ Z an W (kor) Pl (cos 8)
; i (2.6)
‘IJZTE = b:;:’zb Z artwn(kOT)Pl (COS 0)
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Figure 2-2: £, field distribution and Poynting vectors due to an £, polarized plane wave
incident onto an ideal cloak with Ry = 0.5)\¢ and Ry = .
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\IITM - Cos¢ Z n Cn kﬂr) (COS 9),

2.7
sin

\I,TE - ¢ Z TLT(N)Cn kor) (CO5 0)

\Il%l:l]tl = COS¢ Z wn klr)f)ri (COS 6)’
' (2.8)

\Ilznt — M (N) n kir Pl cos 6 y

TE W7o ; ¢ ( 1 ) n( )

\D%M = COS¢ Z {d(M)wn kt 7' - Rl))+fr(L X”(kt(’r - Rl }Pl COS 9)

(2.9)

. Sin
Ve, = w—nf Z {d™M P (ke(r — R))+f M xu(ke(r — R1)) } Pi(cosb),

where a,, = ﬂ%%"ﬂ,n= 1,2,3---,m = \/Mo_/ﬁo, ki = wy/me. T ( ) T(N)
dM g M) and £) are unknown expansion coefficients, and, Yn(€), xn (&) and ¢, (&)
represent the Riccati-Bessel functions of the first, the second, and the third kind respectively
[38]. Using Eq. (2.2), the electromagnetic fields in the three regions can be expanded in
terms of the corresponding scalar potehtials. By applying the boundary conditions at the
surface, we can get four equations at 7 = R; and four equations at 7 = Rj. Note that there

are two equations at r = R; given by:

ek Ra) = d(0) + £ xa(0) (2.10)

1

el Ba) = 10 0) + £20x0(0) @.11)
1

We see that 1,,(0) = 0 and that x,,(0) is an infinite term for all n > 1. Since the field in
the hidden sphere should be finite, f, ™) and f(M) must be kept zero. We see the field in the

hidden object is decoupled with those in the other regions. From the other four equations
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at the boundary of r = R, we can calculate the following coefficients:

(M)__w;t(£0)¢rb(§t) ( /nﬂ)wv( ) n(ft)
T = Eon(€) — (/70 Cu &)Y (€0 @12
W) al€)¥n(€) — (me/m0) v, (E0)vn (&)
T = L) — e/ m0)C(E0) &) @13
dM) = i/ o (2.14)
" Cn(§0)"/)n(§t) (nt/WO)Cn(gO)w;z@t)
dM =a,- tet/€o (2.15)

" C;L(§O)"/)7t(€t) - (TIO/"t)Cn(fO)"/J;L(gt)

where §y = koRy, & = kt(RQ - R1), and 7y = / Mt/ﬁt If e, = 60'3—2}—22,}'1', He = /-LOR'Z&RT
then & = &, 7 = no. Using the Wronskians for the spherical pairs of solutions, the above

four equations are simplified to be:

M =TV =0, d = 2q,, d¥ = tq, (2.16)

From Eq. (2.16) we see that the scattering coefficients, TM and TSN, are equal to zero.
Therefore, the bistatic scattering, or the radial Poynting power < S, >= 1R{E, x H,} -
of the scattered energy conveyed in each direction, is zero. In Chapter 3 we will see the
nonzero bistatic scattering from nonideal cloaks. The exactly zero scattered field indicates
the reflectionless behavior of the perfect cloak [2]. It should be mentioned that the unique-
ness theorem of electromagnetic inverse problems states that zero bistatic scattering from
a scatterer is impossible [39, 40] because the bistatic scattering data carry the information
of the scatterer ’s refractive index. However, this theorem is only applicable to isotropic
scatterers while the invisibility cloaks are intrinsically anisotropic [6], so the exactly zero
bistatic scattering shown here does not violate this theorem. Figure 2-2 shows the calcu-
lated electric fields and the Poynting vectors due to an F, polarized plane wave incidence
onto a cloak with R; = 0.5Ap and R; = Ay ()¢ denotes the wavelength in free space).
We see that the concealed object is completely hidden from the electromagnetic waves,
corroborating the effectiveness of the cloak proposed in [2]. There is no on-axis critical ray
problem [2] here since the Poynting power becomes zero as the field penetrate deep into

the cloak. There is no power flowing at the inner boundary.
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It is seen that the bending of power trajectories follow the prediction of ray tracing
approach as shown in Ref. [2]. However, Fig. 2-2 also provides information of phase
evolution inside the cloak. In general, the phase propagation direction is different from
the power propagation direction due to the anisotropy of the cloak. When a wave enters
into the cloak, the phase propagation slows down in the beginning when compared to its
counterpart outside the cloak. In the second stage, the phase inside the cloak propagates
very fast, faster than the speed of light at which the phase propagates outside the cloak.
Finally, the phase inside the cloak slows down again to wait for the catching up of the
phase outside the cloak. After the wave outside the cloak catches up, the waves inside
and outside the cloak converge, resulting in a flat phase front as if nothing happened. It is
worth mentioning that the phase velocity at the inner boundary is infinite meaning that it
takes no time for the phase to cross the concealed region. This is because the concealed
region is a point before the transformation and therefore the whole concealed region should
share the same phase at a fixed moment. We will discuss the speed of power propagation

in Chapter 3.

2.1.2 Cylindrical cloak and its surface currents

Figure 2-3 shows the configuration of the scattering from a cylindrical cloak with the in-
ner radius R, and outer radius R, in which a time harmonic plane wave E; is obliquely
incident. Let E; = (0;E,; + h;Ey;)e*™, where k = &k, + 3k., k? = w?uoco, h; = Ii—::rl-
and 9; = h; x k [1]. Without loss of generality, we assume that the concealed region is
filled with an isotropic material with permittivity €, and permeability p,. The cloak layer
between R, and R; is a specific anisotropic and inhomogeneous medium with permittivity
tensor € = epﬁﬁ+e¢$$+ez22 and permeability tensor & = p1,pp+ u¢q3<13+ 1,22, According

to Ref. [3, 6], wechoose—ﬂ——ﬂ—ﬂ-,-ﬁ B2 = £ an d—‘=&“(—2—)22‘_
H1 p e K1 p—R1’ #1 R P

When €;=¢y and p;=yp, the cloak corresponds to the ideal cloak.

In source free medium, the fields can be decomposed into TE* and TM? modes with
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Figure 2-3: The geometry of a cylindrical cloak. The incident wave propagates in the
direction of k.

respect to 2 [41], corresponding to scalar potentials ¥, and 9%, respectively.

Hry = ﬁ_l -V x (2%)
Erg=—¢ -V x (2%)
Ery=-F ' [7 -V x (3%5)]
Hrp=-L7 " [V x (53,)]

(2.17)

Hereafter the superscript z is suppressed. After substituting Eqs. (2.17) into the Maxwell

equations, we can get the wave equation for the scalar potentials as follows

1 0 oY 1 0%
— - Ryt —
p— Ry 6p(p I)Bp (p— Ry)? 0¢?
R2 0?
+m(w2u161d} + a—;f) =0 (218)

Using the method of separation of variables, the general expression for the two scalar po-

tentials is obtained by

_ (p — Rl) ing+ik,z
Y= Bn[Rzk,,l—( Ry Rl)] e (2.19)

where k,; = V- k2= \/w?e1pu1 — k2, and B, represents the solutions of Bessel equa-

tion of nth order. Similar to the spherical cloak, the scalar potentials 1%, 1%, ¢ and 1)** for
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Figure 2-4: A three-layer model with a normally incident wave for demonstrating the sur-
face currents at the inner boundary of a cylindrical cloak. The slab’s permeability u; goes
to infinity while permittivity €; goes to zero but their product is kept equal to pg€.

the incident fields (p > Ry), the scattered fields (p > Rj), the fields inside the cloak layer
(R, < p < Ry) and the internal fields (p < R,;) respectively for both TE and TM waves
can be represented. By matching the boundary conditions, all the expanding coefficients of

these scalar potentials can be deduced.

For convenience of demonstration, we consider firstly a simple TM case where a ver-
tically polarized (E,) plane wave is normally incident onto an ideal cylindrical cloak, i.e.
k, = 0and Ey; = 0 as well as y; = po and €; = ¢y, which appears in Refs. [3, 6, 42]. In
order to match the boundary conditions, the inner boundary of the cloak is setat p = R; + 6
instead of p = R, and then the limit § — 0 is taken while the parameters of the cloak are
still unchanged. Consequently, four boundary equations can be listed utilizing the continu-

ities of £, and Hy at the outer boundary (Eq.(2.20) and (2.21)) and at the inner boundary
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(Eq.(2.22) and (2.23)):

ri—1
_l — By Ju(kRa) + a0 H, (kRy) = d¥) Ju(kRy) + [ No(kRy) (2.20)
sr1—1
—z w EWJ;L(kR2) + a’ELIW)H;L(k:R2) = dSLIM)Jr’L(kR2) + f?&M)N;L(kRz) (221)
R R
dM) J (2 k) + FMN, (—2—k§) = g™ J, (kR 222
T J(RQ_RI )+fn (RQ_Rl ) gn (2 1) ( )
Rzé ’ R2 ’ R2
1 dM (=2 k) + fMN (——=—k§
(RZ_RI)RI[ T IL(R2_R1 ) fn TL(R2_R1 )]

o€ '
= [E250D 1 (kyRy) (2.23)
€oll2

where J,, N,,, and H, represent the n-th order Bessel function, Neumann function, and
Hankel function of the first kind, respectively; aiM, g,(,M), d™ | and f,(LM) are unknown
coefficients corresponding to the scattering field, internal field and the field inside of the
cloak, respectively. After solving all the equations, it is seen that oM = M = gfLM) =0,
indicating that both the internal field and the scattering field are zero. The interesting thing
is that when . = 0, though f§™ = 0, the product f§*” No(7zZ2-k) in the limit § — 0 is
equal to %}u Obviously, the item of this product in Eq.(2.22) is nonzero only at the inner
boundary, which can be characterized as a magnetic surface current raised by the infinite
e at the inner boundary of the cloak. Since the tangential electric field on the cloak side
of the inner boundary is E,;, the magnetic surface current with an amplitude E.; shields
the concealed object, making the field inside exactly be zero. Some study [42] mentioned
the “slow convergence” of the scattering coefficients but did not realize that this is actually
due to the surface current at the inner boundary.

In order to further reveal the properties of this surface current, we first consider a sim-
plified case as shown in Fig. 2-4, where a plane wave E; = FEye™** is normally incident
onto a slab with ¢ — 0 and u; — oo but p1e; = poeg. This special material has the
same property with that at the inner boundary of a cylindrical cloak, where ¢, = 0 and
pg = 00 but €414 = (EI?RT)?' It is easy to obtain that R = 1 and T = 0 after taking
the limits. The electric field at z = 0 is 2E, while that at z = d is zero. If we treat iwB
as the same role of magnetic current, we will find that the integration fod twBdz is exactly

equal to 2E,. Therefore this slab acts like a perfect magnetic conductor (PMC) except that
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Figure 2-5: The field distribution of £, in the zy plane due to an E, polarized wave nor-
mally incident onto a cylindrical cloak but with the inner boundary extended inwards. The
radius of the three concentric circles are Ry = 1.33)\g, R1 = %RQ, and Ry = %Rg, respec-
tively. The arrows represent the Poynting vectors in the xy plane.

it is the volume displacement current that is distributed in the slab, not the free magnetic
current on the surface of a PMC. When the thickness of the slab becomes infinitesimal, the

volume displacement current becomes surface displacement current.

Similarly, we can introduce the third boundary at p = Ry (Ry < R;) as shown in
Fig. 2-5. The region between Ry < p < R, is filled with the same material as the inner
boundary at p = R, i.e. the region between Ry < p < R; is homogeneous, like the slab in
Fig. 2-4. The calculated electric field and the Poynting power due to an F, polarized wave
normally incident onto an ideal cylindrical cloak but with such an extended inner boundary
are shown in Fig. 2-5. It is seen that there is no field in the region of p < Ry, but the £,
field in the region of Ry < p < R; is nonzero. The integration j}:}‘ twBgydp will be the
total magnetic current in this region, which has a value of £, equal to the surface magnetic

current when p = Ry and p = R, overlap as we introduced before. In other words, the
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surface magnetic current M, that was previously concentrated at the boundary of p = R,
in the case of Ry = R, is now distributed over the region Ry < p < R;. It should be noted
that with the inner boundary extended (i.e. Ry < R,), By at p = R, is finite, while in the
case when p = Ry and p = R, overlap (i.e. Ry = R,), By at p = R, becomes divergent.
Therefore, the fields at the inner boundary p = R; is dependent on the material in the
region of p < R;, which means it cannot be determined by the coordinate transformation
theory [2]. In addition, although the fields can penetrate through the boundary p = R; in
this specific case, the Poynting power along the p direction, P,, is always zero (because
H, is always zero in this region), and no power can penetrate into the concealed region.
Besides, compared with the spherical cloak, we can see that the bent trajectories of power
are similar in spherical and cylindrical cloaks. However, the power distribution is different.
While for a spherical cloak the tangential Poynting power decreases to zero at the inner
boundary, for a cylindrical cloak the tangential Poynting power Py at p = R, is not zero

except at x axis (y=0).

For a general obliquely incident plane wave with arbitrary polarization, all the coeffi-
cients of TM and TE modes can be derived in the same way. Figure 2-6 shows the distribu-
tion of £, component and the Poynting power in the zy and zz planes when a right-handed
circularly polarized wave is incident with 6; = 45°. It is seen that perfect invisibility can
still be obtained for obliquely incident waves, indicating that the cylindrical cloaking is
not limited to the 2D case only [3, 6, 42]. The oblique rays traversing a cylindrical cloak
have also been shown in [17] but were in the geometric limit. We can conclude that in
order to completely shield a three-dimensional (3D) concealed object, the cylindrical cloak
must be infinitely long. In practice, we have to rely on finite-sized cloaks. Obviously, the
longer the cylinder, the better the cloaking performance. It is also worth mentioning that
in the zy plane, the fields inside the cloak are no longer symmetric with respect to the z
axis, while the flowing power is still distributed symmetrically. This special distribution
property is unique for the obliquely incident wave having both vertical and horizontal po-
larizations. In zz plane, it is seen that the power direction is bent upwards and becomes
more vertical, while the wave vector of the phase front is bent downwards and becomes

more horizontal. Besides, the discontinuities of £, and H, across the inner boundary can
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Figure 2-6: The field distribution of £, in the (a) 2y plane and (b) 22 plane due to a right-
handed circularly polarized incident wave with 45° incident angle. The cloak has a size of
Ry =133\ and R, = %Rg. The arrows represent the directions of Poynting vectors.
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be similarly attributed to the electric and magnetic surface currents at the inner boundary
of the cloak. For the ideal cylindrical cloak where p; = o and €; = €, the discontinuities
are ’f—,'(;k sin ,e'*+* and E,,; sin f;e?*=*, being exactly the vertical components of the incident
magnetic and electrical fields respectively.

This phenomenon arises from the coordinate transformation process. In a spherical
cloak, the coordinate transformation approach transforms a field vector at the origin into
radial components at the inner boundary. However, this transformation in a cylindrical
cloak only applies to the transverse components in the zy plane but does not do anything to
the vertical component because the transform coefficient for the z component, Q. [2, 43],
is equal to one. Therefore, there must be a discontinuity across the inner boundary which
induces a surface current if we assume no field exists inside the core. These surface currents
do not exist before the transformation and have no counterparts in the original Cartesian

coordinate system.

2.2 Surface voltage effect of an invisibility cloak with an

active device inside

The mechanism of transformation-based invisibility is to create a “hole” in the transformed
coordinate system and an object in the “hole” can be concealed from detection [2, 13].
From the viewpoint of transformation theory, the hole creation does not result in an elec-
tromagnetic vacuum but rather a complete separation of electromagnetic domains into a
cloaked region and those outside [2, 44]. More precisely, a true cloak should not only
cloak passive objects from incoming waves, but also cloak active devices by preventing
waves from going out and being detected. The effectiveness of a transformation-based
cloak design for hiding a passive object has been quantitatively analyzed in the last section.
On the other hand, however, the electromagnetic wave behavior in this concealed region
with an active device inside remains unknown, due to the fact that the concealed region, or
the “hole”, created by the transformation method does not exist before transformation and

has no counterpart in the original Euclidian space. Due to the reciprocity theorem [16], the
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Region 2

Figure 2-7: Reflection and transmission of electromagnetic waves with an electric dipole
inside the concealed region of a spherical cloak. Region 0: concealed region; Region I:
cloak layer; Region 2: free space.

wave inside the concealed region is expected to be limited in this region without escaping.

Here we will discuss the physical mechanism behind the reciprocity in this case.

Figure 2-7 shows the configuration of a spherical cloak with outer radius R, and inner
radius Ry, which is the same as that in Fig. 2-1. The cloak layer within B, <7 < Ry isa
specified anisotropic and inhomogeneous medium. Without loss of generality, we assume
that the background material in the region r < R, has permittivity €; and permeability
w1. A time-harmonic electric dipole is put inside as an active device. The electromagnetic
waves from the dipole as well as the response of the surrounding environment can be de-
composed into TE and TM modes with respect to 7, corresponding to scalar potentials Vg

and W, whose expressions in the current case have been derived in Section 2.1.1.

Since TE and TM modes in such a radially inhomogeneous medium can be shown to
be decoupled [41], the derivations for these two kinds of modes are similar to each other.
We start with the case that an outgoing TM wave is excited in the concealed region. This
outgoing wave will induce a standing wave in region r < R,, an outgoing wave and a

standing wave in region R; < r < Ry, and an outgoing wave in region r > Rj [41], as
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shown in Fig. 2-7. Thus the scalar potentials in these three regions can be written as

Witk = [Cu(kar) + BT, (kar)] P™ (cos B)ei™? (2.24)
b = 1A u(ke(r = R1)) + F3 xu(ke(r — R1))| P (cos§)e™  (2.25)
gy = T, (kor) P (cos0)e™? (226)

where ,,, X, and ¢, are Riccati-Bessel Functions of the first, the second, and the third

RTM dM

>V n’

kind respectively; and 77M are the unknown expansion coefficients. Espe-
cially, RT™ and TT™ are called the general reflection coefficient and general transmission

coefficient, respectively [41].

For the sake of illustration, the inner boundary of the cloak is set at = R, + § instead
of r = R; and then the limit § — 0 is taken. Consequently, four boundary equations can
be listed utilizing the continuities of tangential £ and tangential H at the outer boundary

(Eq.(2.27) and (2.28)) and at the inner boundary (Eq.(2.29) and (2.30)):

1/ iwedM, (ke(Re — R1)) + fMx,,(ke(Rz — Ry))]

= 1/\/lo€oT™(,, (ko Rz) (2.27)

1/ peldy (ke (Ry — Ri1)) + f Xu(ke(Re — R1))]
= 1/uT™ (. (ko Ra) (2.28)

1//mer (G, (ki (Ry + 8)) + RT™Mqp, (k1 (R +6))]
= 1/ /medldy! $,,(ked) + £ X (i) (2.29)

1/p1[Gu(k1(Ry + 6)) + RT™Mdp, (ky (Ry + 6))]

= 1/ aldy ton (ki) + f' xn (ReS)] (2:30)
After solving all the equations, it can be obtained that d” = fM = TT™ = 0, indi-

cating that no field exists in the region r > R;. Meanwhile we can get that R™™ =
—Cn(k1R1) /¢n(k1R1), which is important for later use. In addition, it follows that in the
limit 6 — 0, fMx.,(k;8) is nonzero. Obviously, the value of this product in Eq.(2.29) is

nonzero only at the inner boundary, leading to the discontinuity of the tangential E field
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x=0 X

Figure 2-8: Reflection and transmission of (a) a TM wave in Cartesian coordinate system
incident from free space onto an uniaxial medium whose €, goes to zero; and (b) an out-
going TM wave in spherical coordinate system from the homogeneous and isotropic hole
through a homogeneous uniaxial background medium whose radial permittivity goes to
Zero.

across the inner boundary. This result is very interesting. Since both y and € are finite
everywhere and no conductive media exist, there is no surface current to support this dis-
continuity, as the common boundary conditions of perfect conductor do. It should be noted
that due to the same reason the displacement surface currents introduced in the cylindrical

cloak [23, 45] are not applicable in the present case.

In order to understand this discontinuity, let us first consider a similar case in Cartesian
coordinates as shown in Fig. 2-8(a), where a TM wave H; = jei*=<+i:2 is obliquely
incident (k, # 0) from free space onto an uniaxial medium with permittivity tensor €,£Z +
€:99 + €:2% and permeability ;. The dispersion relation in this medium is k2, /(w?e;u:) +
k2 /(w?e.p¢) = 1. Thus, when €, is very small, k., becomes imaginary and the transmitted
wave becomes evanescent. In the limit ¢, — 0, it can be found that all fields in the region
x > 0 vanish. More interestingly, in the limit ¢, — 0, the integration f0°° E,,dz has a finite
value —2inq cos fetk=> /k.. In other words, E;, is compressed on the interface like a delta
function. This special finite and nonzero value can be named as an electric surface voltage
Ve. The name of “voltage” is because when a free charge ¢ moves to the interface, this
voltage will push it to the other side and transfer energy gV to it. This voltage is not caused

by conductive charges but an extreme polarization of the material on the interface, i.e. it
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(b) Special Uniaxial Medium

Figure 2-9: Reflection of a right-handed circularly polarized wave from (a) a PEC and (b)
a medium with normal permittivity and permeability go to zero simultaneously. The dotted
arrows represent the direction of rotation.

corresponds to a distribution of polarized dipole moments on the interface. In addition, the
tangential electric field at the left side of the interface is £;, + E,, = —2n, cos fet*=* while
that at the right side is zero, meaning the tangential E field is discontinuous across the
interface. However, since (E;, + E;,)Az + Vi(22) — Vi(21) = 0, as shown in Fig. 2-8(a),
Faraday’s law still holds on this interface. Clearly, using this uniaxial material, which is the
same with the inner boundary of the cloak, E, becomes a delta function at the boundary
and forms the electric surface voltage which supports the discontinuity of the tangential £
field. Meanwhile, the reflection coefficient becomes -1, meaning that this medium behaves
like a PMC by means of controlling the medium’s electric response. There is no physical
magnetic charges flowing on the surface, but only a distribution of electric dipoles with
some phase shift to match the transverse wave vector k..

Similarly, the reflection coefficient for a TE wave is also -1 if u, goes to zero. Thus,
the special uniaxial medium whose €, and p, go to zero simultaneously behaves like a
PMC for TM waves due to electric surface voltages, and a PEC for TE waves due to mag-
netic surface voltages. This leads to another interesting aspect of the reflection. First, in
the sense that there is a complete reflection, the interface behaves like a mirror. Second,
this special mirror not only keeps the polarization but also the phase information of the re-
flected waves. For example, for a right-handed circularly polarized wave incident onto this

boundary, the reflected wave retains its handness, but for a mere PEC or PMC boundary,
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the reflected wave becomes left-handed, as shown in Fig. 2-9. This property is similar to
the soft and hard surface (SHS) boundary used in radar and microwave engineering [46].
But for a SHS with its conducting vector fixed, if the incident plane changes, the phase of
the reflected wave also changes. However, the phase of the reflected wave in Fig. 2-9(b) is
independent on the incident plane, meaning it only depends on the optical path the wave
travels. So, this mirror behaves the same in any plane of incidence, and the information of a
source including the polarization and phase is entirely retained in the reflected wave. From
above discussion, we can see that the boundary of this special uniaxial medium is in fact a
mixture of both PEC and PMC. If we treat this special uniaxial medium as a black box and
only consider its boundary conditions on its surface, we can simply denote the boundary
conditions as D - A4 = 0 and B - i = 0, where 7 is the normal direction of the surface.
This set of boundary conditions are different from commonly used boundary conditions
(tangential £ and H being continuous) and have the physical mechanism of corresponding

surface voltages.

The above discussion in Cartesian coordinate system shows that the surface voltages in-
troduced by zero permittivity and zero permeability in the normal direction of the interface
contribute to the discontinuity of the tangential electromagnetic fields across the boundary.
This is also true for a spherical interface in spherical coordinate system. For example, as
shown in Fig. 2-8(b), a sphere with permittivity ¢, and permeability 4, is embedded in the
homogeneous background medium with permittivity tensor € = €77 + 09 + €,6p and
permeability ;. Similar to the case in Fig. 2-8(a), our derivation shows that for TM waves,
in the limit ¢, — 0, no fields exist in the region r > R,, but the electric surface voltage
Vg is induced at the boundary. Since Ej*“R;df + Vg (0 + df) — Vg(6) = 0, Faraday’s
law still holds across the boundary. The similar result can be obtained for E4 component.
Outgoing TE waves have similar derivation when p, goes to zero. Therefore the condi-
tion that the material at the inner boundary of a spherical cloak has radial permittivity and
permeability of zero is sufficient for total reflection of all waves back by inducing surface
voltages, no matter whether the outside medium satisfies the relation of constitutive param-
eters proposed in Ref. [2] or not. Mathematical treatment in time domain in Ref. [47] has

also gotten the similar result on the point of complete reflection. Similar to the previous
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case in Cartesian coordinate system, if we are interested only in the boundary conditions,
we can denote them as D - # = 0 and B - # = 0 in the spherical coordinates case. This set
of boundary conditions result in the reflection coefficients of both TM and TE waves to be
—Cu(k1Ry) /% (k1 Ry ), as we have obtained before. We noted that there was a mathemat-
ical treatment of cloaking using the traditional boundary conditions (tangential £ and H
being continuous) that concluded that “finite energy solutions” to Maxwell’s equations did
not exist in this case [19]. Obviously, the reason is because the boundary conditions need

to be modified by introducing surface voltages.

Based on the above discussion, the electric and magnetic surface voltages at the inner
boundary as well as the field distribution inside the concealed region due to an electric
dipole D located at an arbitrary position (r',é",q&'), where 7' < Ry, can be derived. By ex-
panding the wave from the dipole into spherical waves, the corresponding scalar potentials
Vi, and Wi, for the incident waves can be obtained. Since it is known that the reflection
coefficient for both TE and TM waves is —(, (k1 R1)/v.. (k1 R1), the scalar potentials of
reflected waves, V7. and U7, can be easily obtained. Consequently, the induced electric

and magnetic surface voltages at the inner boundary of the spherical cloak can be calculated

as follows
Vi RTEd —t 9 g o 231
E—/R; T T—wulelar( ™ T TM)Ir:Rl“a 2.31)
Vi Rer ¢ _8 Pt or 739
" Ry o= wh1€1 8r( e+ TE)|T=RI‘ (2.32)

Figure 2-10 plots the amplitude of Vg at the inner boundary of a spherical cloak and the
field H, inside the concealed region in the zz plane, due to an electric dipole pointing in 2
direction and located at (R, /2, 7/4, m). Firstly, it is seen that surface voltage distributions
are not uniform on the surface. But for an outside observer, the dipole is invisible since no
wave propagates outside. Secondly, the field inside exists in the form of standing waves.
Figure 2-10(b) shows the field at the moment that the magnetic field reaches maximum.
After a quarter of cycle, the magnetic field becomes zero while the electric field reaches

maximum. Since £ and H are always out of phase, the time-averaged Poynting power
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1s zero everywhere within the cloak, meaning no time-averaged power flowing inside. In
other words, the energy radiated from the dipole at this moment will be returned to the
dipole the next moment. Thus the total energy inside will not blow up.

It can be calculated from Eqs.(2.31) and (2.32) that, in the presence of an electric dipole
inside, when w decreases to zero, Vg becomes zero while Vi survives. Similarly, if a static
magnetic dipole is inside instead of a static electric dipole, Vg vanishes while Vi survives.
The cloak for the static magnetic field can be realized artificially [48]. Since there is no
magnetic charge in nature, this magnetic surface voltage induced by a static magnetic dipole
must exist in the form of its equivalent electric surface current. The inner boundary in
Ref. [48] is made of superconductor which makes this surface current realizable.

Furthermore, the value of surface voltages can relate to another parameter directly. In
derivation of the scalar potential in Ref. [22], the condition a%\IITM = weuw.[49], where
©. represents the auxiliary electric scalar potential, is applied. It is interesting to note
that Vg = ‘Pe‘r:R;- Similarly, Vg = gom]r:R;. Thus these auxiliary scalar potentials,
@, and @,,, which were introduced originally as mathematical tools, have direct physical

counterparts at the inner boundary of the cloak, i.e. surface voltages in this case.

2.3 Mechanical responses of invisibility cloaks

When an electromagnetic wave interacts with an invisibility cloak, though the overall result
is that as if no object is there, the local effect exerted by the electromagnetic waves to the
cloak cannot be ignored. Electromagnetic waves propagate with power and momentum.
Therefore, the cloak need to withstand some mechanical forces to guide the wave. On the
other hand, according to Einstein’s theory of general relativity, the gravity we commonly
see is due to the bending of time-space, or, the bending of time-space and the gravity are
just two aspects of the same thing. Applying the similar principle to a cloak created by
squeezing the electromagnetic space, we might be able to make an analogy of the gravity
and conjecture that a “force field” must exist in the cloak. The electromagnetic waves
propagate along the curved trajectories because of this force field. In this section we study

the mechanical interactions between the cloak and the electromagnetic wave. We take the
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Figure 2-10: Distributions of (a) the amplitude of V} at the inner boundary and (b) H,
in the concealed region r < R; due to an unit electric dipole oriented in z direction and
located at (R, /2, /4, ) indicated by a small arrow in (b). Ry = 1.33\,.

54



position that when the electromagnetic waves exert some local forces to the cloak, at the
same time the cloak in turn exerts the corresponding recoil forces to the electromagnetic

waves.

2.3.1 Electromagnetic forces on a spherical cloak

We first take the spherical cloak as an example and study the mechanical effects of elec-
tromagnetic wave on the spherical cloak by directly calculating the Lorentz force inside of
the cloak. The bulk bound charge density and surface bound charge density are calculated,

and therefore the forces of the wave imposed on these charges can be derived.

We start with a three dimensional spherical cloak with the inner radius R; and the outer
radius Ry. The cloak shell within R; < r < Ry is a radially uniaxial and inhomogeneous
medium with permittivity tensor € = €77 + 09 + €,pp and permeability tensor I =
W77+ utéé + utq%ﬁ. Here we consider an arbitrary radial compression function f(r) as
the transformation mapping from the the physical spherical coordinate system (r, 6, ¢) to
the original spherical coordinate system (r’, ¢, ¢'), where v’ = f(r), 8’ = 6 ar.ld ¢ = ¢.
The constitutive parameters ¢;, €., 44, and y, can be derived based on the transformation

method:

(2.33)

where ¢y and po are the permittivity and permeability of free space. An E, polarized
plane wave with unit amplitude, E; = Ze’*0, is incident upon the spherical cloak, where
ko = wy/lig€p is the wave number in air. The electromagnetic field inside the cloak layer

can be calculated as follows:

E¢ = f'(r) sin f cos ¢ ekof(r) cost

)

E§ = == cos f) cos ¢ e*kof(r)cos? (2.34)
T
E; = — .fg'_,r) sin ¢ eikof(r) cosf
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1 .
HE = = f'(r)sin # sin ¢ ekof(r)cos?

To
1 )
HS = ;’;—fi—r)cos()sinqﬁ gikof(r) cost (2.35)
1
H; — _f(’l") COS¢ ezkof(r)cosﬂ
M T

Note that the field in the core is zero while the field outside of the cloak (free space
region) can be expressed using Egs. (2.34) and (2.35) except that the transformation func-
tion in the free space region is determined by f*"(r) = r. Once the field inside of the
spherical cloak is obtained, the force inside of the medium can be calculated directly using
the Lorentz force formula. The time-averaged Lorentz force density due to time-harmonic

excitation wave is [50]

— 1 — — e g
< f>= §§R{(—VP)E +(—V/.LOM)H
—iwP x B" + iwpg M x _D_*} (2.36)

where ® means taking the real part of a complex quantity and * denotes the complex
conjugate. The polarization and magnetization are defined as P = D — ¢ E and pygM =
B — poH, respectively. The first two terms in Eq. (2.36) contribute via a force density on
bound electric and magnetic charges, while the final two terms represent the force density
on both bound and free electric and magnetic currents. In a source free region, V - D = 0,
V-B=0,wecanget -V -P = ¢V -Eand -~V - ugM = poV - H. It should be
noted that in a homogenous material, both V - E and V - H are zero everywhere, therefore
the force density on the bound electric and magnetic charges exist only at the boundary of
two homogenous materials. However, in the spherical cloak case, the materials are both
anisotropic and inhomogeneous, the force density on bound electric and magnetic charges
may exist in the whole region of the cloak. Substitution of Egs. (2.34) and (2.35) into
Eg. (2.36) yields the bulk force density in the region of R; < r < Ry:
2f'(r) _2f(r)

_ 1
< foutk >= 560 sin 0 [f”(T) += - r—2]

. i:ff’(r) sinf + é@ cos 9} (2.37)
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On the outer surface of the cloak, Eq. (2.36) is simplied to be

- 1 — —k
< fsurf >= §§R{p€Euvg + thavg} (2.38)
where p, = 7 - eo(—E—air —E)pn=7- uo(—ﬁair — H") are the bound electric and magnetic

+H")/2 are

—=uir —air

surface charge density respectively, and E oy = (B +E)/2, Hypg = (H
the average electric and magnetic field at the surface. It is worth mentioning that the use
of the average is not just a matter of choice. From the physical point of view, the charges
at the boundary produce a local field in normal direction that has the same magnitude but
opposite directions on the two sides of the interface. Therefore it is this locally generated
field that is responsible for the field’s discontinuity. Averaging the field across the interface
eliminates the local field, since the charge cannot exert a force on itself.

Substitution of Egs. (2.34), (2.35) and the field equation in the free space into Eq. (2.38)

yields the surface force density at r = Ry:

< frop, >= %eo sin @ {'F—;—[l — f(Ry)]sinf +8[1 — f'(Ry)] cos 9} (2.39)

Similarly, the surface force density at the inner surface of the cloak (r = R,) can be

derived by assuming the field inside the inner core is zero:

< freg, >= f%eg f2(Ry)sin? 9 (2.40)

It can be seen that neither the bulk force density nor the surface force density have ¢
component, which means there is no angular momentum transfer with respect to the z axis
due to the rotational symmetry of the spherical cloak. In addition, the surface force at the
inner boundary has only 7 component, because there are no tangential field components
at the inner surface. However, the surface force at the outer boundary has both  and ¢

components.
For a linearly transformed spherical cloak where f(r) = m—’sz—l(r—Rl), the constitutive
‘ - R
parameters of the spherical cloak are ¢ = €722, € = €0ty (27, pe = bo g 2>

Yy = NOE;%(%{'L)? Substituting the linear transformation function into Egs. (2.41,
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2.52, 2.53), we can get the force distribution inside the linearly transformed cloak:

= . RR; 1 [.. Ry
< frute >= Eoblngmﬁ : I:T‘Sll’lg + 9(1 — 7) C069:| (2.41)

1 -R, . 2R, — Ry A
< f._ Ry = eosm9R2 R [ (R — By) sin § + ()cos@] (2.42)
- 1 R \?
< frery >="13¢0 ( o R1> sin® 6 (2.43)

Assuming the incident wave has a wavelength of Ay = 0.1 m, we can calculate the total
electric field intensity in the zz plane and the bulk force density inside of the cloak as well
as the surface force density on the inner and outer boundaries as shown in Fig. 2-11. If we
define the polar axis to be along the wave propagation direction (z direction), we can see
that the force at the polar regions which corresponds to # = 0 and 8 = 7 is exactly zero.
This means that the polar region (at # = 0 and # = ) which is directly impinged upon
by the electromagnetic waves withstands no electromagnetic force while the equatorial
region (at # = 7/2) withstands finite optical forces. The maximum bulk force density is
3.53 x 1071°N/m3. The maximum value of the surface force density on the outer surface is
6.63 x 10712N/m? located at (7, #) = (Ry, 7/2). The maximum value of the surface force

density on the inner surface is 8.84 x 102N /m? located at (1, #) = (R, 7/2).

In order to view the bulk force clearly, we plot each component of the bulk force in
Fig. 2-12, where Fig. 2-12(a) shows the r component of the force while Fig. 2-12(b) shows
the & component of the force in the xz plane. The r component of the force is dominant and
is always pointing outward, tending to expand the cloak medium. The force is much bigger
at the equatorial region of the cloak corresponding to § = /2 than that at the polar regions
corresponding to & = 0 and ¢ = 7. The § component of the force shown in Fig. 2-12(b) is
smaller by an order of magnitude when compared to the » component. The # component
shows a symmetric pattern in the zz plane, and the force in the region of 8 > 0 is positive

while in the region of 6 < 0 is negative.
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Figure 2-11: E, field distribution and Lorentz force density distribution in the zz plane

due to an E, polarized plane wave incident onto an ideal spherical cloak with R; = )¢ and
R2 = 2)\0
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Figure 2-12: (a) The r component and (b) # component of the bulk Lorentz force density in
the zz plane inside the spherical cloak with B; = 1)¢ and Ry = 2\ due to an E, polarized
plane wave passing through. A\ = 0.1 m.
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Figure 2-13: Bulk and surface Lorentz force density distributions in the zy plane within
an ideal spherical cloak with R; = 1)Ag and Ry = 2\ due to an £, polarized plane wave
passing through. \;=0.1 m.

It should be noted that all the bulk force and the surface force are rotationally symmetric
with respect to the z axis, as shown in Fig. 2-13, where we plot both the bulk force density
(marked in black) and the surface force density (marked in white) in the zy plane. The
surface force density has a unit of N/m? and the bulk force density has a unit of N/m3.
Since the force distribution are symmetric with respect to the z axis, the total Lorentz force
for an ideal cloak is exactly zero, which means there is no momentum transfer from the
electromagnetic waves to the cloak. However, the expanding force along the 7 direction
and the shrinking force along the —# direction are not in balance. The total force on the
half cloak located at > 0 is £1.82 x 107 13N while the total force on the other half cloak
located at z < 0is —21.82 x 10~ '3N. These two forces of the same amplitude pull the two
halves of the cloak in an opposite direction. Therefore, the effect is to expand the cloak but
the total radiation force on the whole cloak is zero.

The Lorentz force density on the spherical cloak can also be calculated by using the

Maxwell stress tensor [16, 51]:

<f>= —-;-%{V T} (2.44)
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where

— 1 = -9\ —— — 5k
<T>= S(«lEP +po/H)] - «EE — woH H (245)

takes the Chu’s formulation of the Maxwell stress tensor [52]. The total force F on the
cloak is found by integrating a surface that just encloses the entire cloak so that T is evalu-

atedatr = R2+,

F= —%9% { ]i dA[F - ?(F)]} (2.46)

The calculated total force using tensor form is also shown to be zero because the scattering
field is zero. Therefore, the Maxwell stress tensor and the distributed Lorentz force are in
agreement when applied to calculating the force.

After calculating the Lorentz force distribution, we can discuss the effects exerted by
the cloak to the electromagnetic waves. From Fig. 2-11 we can see that most of the forces
are pointing outwards except those on the outer boundary which are pointing inwards.
While Lorentz forces are exerted to the cloak by electromagnetic waves or photons, we
can also consider that the electromagnetic waves or photons are subject to the recoil forces
since the force action is mutual. Now we discuss the reason why directions of forces on
the outer boundary and inside the cloak layer are quite different. By tracing the trajectory
of a ray (or photons) through the cloak, we can see that it is bent three times. The first
occurs on the outer boundary when the photons start entering into the cloak. We can see an
abrupt direction change of the ray at this incident point on the outer boundary, meaning the
photons at this point are pulled abruptly. The second is the turning around of the ray inside
the cloak layer, as if the photons are doing circular motion. The third occurs at the outer
boundary when the ray goes out. This emitting point, symmetric with the incident point,
is the place where the photons are pulled back to their original trajectory. The bending at
the incident point at the outer boundary is due to the surface bound charges. Since these
bound charges are concentrated on the boundary, they are able to change the direction of
rays abruptly. We can see that by bending the ray or photons at the outer boundary, the

recoil force must point outwards, meaning the Lorentz force on the outer boundary need
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to point inwards. Within the cloak layer, photons are moving along curvatures, requiring
a centripetal force. The centripetal force is the recoil force of the Lorentz force exerted
to the cloak layer. Therefore we can see that the dominant 7 component of the Lorentz
force is always positive because the force needs to drag the photons to turn around the
center. However, this turning around is not strictly centered at the origin, but has a slight
deviation. Therefore, the # component of the bulk force is important to tune the center of

the circulating motion slightly, though its value is relatively small.

2.3.2 Electromagnetic forces on a cylindrical cloak

In the above section we discussed the Lorentz force distribution inside a spherical cloak.

The same procedure can also be applied to a cylindrical cloak.

Take a cylindrical cloak with inner radius R; and outer radius R; for instance. The cloak
shell within R; < p < Ry is an anisotropic and inhomogeneous medium with permittivity
tensor € = €,pp + €4 + €24 and permeability tensor & = p1,0p + [P+ .25, Here we
consider an arbitrary radial compression function f(p) as the transformation mapping from
the the physical cylindrical coordinate system (p, ¢, 2) to the original cylindrical coordinate
system (o', ¢, 2'). The constitutive parameters €,, €4, €., fi,, 4y and p, can be derived based

on the transformation:

S () B i C) R V)
P 0 Iz ) 0
itk i D) 247

p=uopf,(p), He = Mo 7o) Kz = Ho P

where € and pg are the permittivity and permeability of free space. The time-harmonic

incident wave is E; = (0 Bwi + iliEm')eiE'F, where k = Tk, + 2k, k? = w?poeo, ;Li = ;;’;;

and 0; = ﬁi x k [1]. Here we only consider the case of vertical polarization, i.e. Ep; = 0.

The horizontal polarization, i.e. E,; = 0, can be considered as the dual case. The incident

! E The electromagnetic field inside the cloak layer

P

angle « can be defined as o = tan
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can be calculated as follows:

¢ __ g : .\ ikp f(p) cos p+ikzz
E; = —f'(p)sinacos ¢ e

f(p)

ES = —sinasin ¢ el (P cos otk (2.48)

E¢ = cos o eik:,,f(p) cos ¢+ik, z
2

€0 f/(p) sm¢ ezk,,f(p) cos p+ik.z
V Mo

H; _ /60 fi)p) coS ¢ ezk,,f (p) cos p+ik,z (249)
Ho

Applying the Lorentz force formula Eq. (2.36), we can get the force densities exerted

to the bound charges within the cloak and on the boundaries.

< Tbulk >= ¢ [% + f"(p) + %] {ﬁ(sin2 acos? ¢ + sin? @) f'(p)

+q3 sin ¢ cos ¢ cos? aﬂf—)- — Zsin acos a cos qS} (2.50)

- 1 1 !
< fpep, >= 560(1 — f(Ry)) {ﬁ%(Rz)(sin2 a cos® ¢ + sin? @) (2.51)
+¢3 sin ¢ cos ¢ cos® a — 2 sin a cos @ cos ¢} (2.52)

< fpopy >= :lleof'(Rl) {pf'(R1)(sin® acos® ¢ + sin® @)

—2Zsin o cos acos ¢} (2.53)

It is easily seen that for the p and ¢ components, due to the symmetry, the total integration
of these components must be zero. For the 2 component, its integration over ¢ from 0 to 27
will automatically give the result of zero. Therefore the total force exerted to the cylindrical
cloak must be zero.

For simplicity of demonstration we consider normal incidence. By setting Ry = 2R; =
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Ez (V/im)

Figure 2-14: E, field distribution and Lorentz force density distribution in the zy plane
due to a vertically polarized plane wave incident onto an ideal cylindrical cloak with Ry =
1.33) g and R; = %Rz at normal incidence. \g = 0.94 m.

1.33) (A\g = 0.94 m) and the incident angle @ = 0, we can plot the force distribution
inside the cylindrical cloak when a vertically polarized wave is normally incident with E
filed of unit amplitude, as shown in Fig. 2-14. It is seen that the force distribution is similar
to the case of a spherical cloak. The forces at the outer surface of the cloak point inward
while the forces in the other regions point outward. There are slight differences between
the forces within the cylindrical cloak and the forces within the spherical cloak due to the

geometrical difference.

When the incident angle is tilted and set to be a = /4, the force distribution is quite
different, as shown in Fig. 2-15. It is seen from Fig. 2-15(a) that in the zy plane, the force
along the y axis (¢ = 0 and ¢ = =) is not zero. From Fig. 2-15(b), we can see that all the
bulk forces and surface forces have z components. It is interesting to note that within the
cloak, the bulk forces are perpendicular to the direction of Poynting powers in the zz plane
while the power’s direction still remains a straight line. This phenomenon is different from

conventional cases in a common material and may need more studies.
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Figure 2-15: E, field distribution and Lorentz force density distribution in (a) the zy plane
and (b) the xz plane due to a vertically polarized plane wave incident onto an ideal cylin-
drical cloak with Ry = 1.33\g and R; = %Rg with incident angle of 45°. )y = 0.94
m.
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2.4 Summary

In this chapter, the physics behind perfect invisibility cloaks is explored by analytically
calculating the spatial distribution of electromagnetic fields. The scattering models of the
spherical cloak and the cylindrical cloak are firstly established and wave functions inside

the cloak are derived. Main conclusions are as follows.

e Perfect invisibility can be characterized as exactly zero bistatic scattering.

e An external electromagnetic wave illuminating a cylindrical cloak will induce elec-
tric and magnetic surface currents at the inner boundary of this cloak. These surface
currents do not exist in the original electromagnetic space and have no counterparts

in the transformation.

e A spherical cloak is able to cloak perfectly an active device that radiates from the
concealed region. The mechanism is that the outgoing radiation will induce surface
voltages at the inner boundary of the cloak that reflect all waves back. These surface

voltages lead to a new set of boundary conditions.

e The mechanical response of the cloak to external electromagnetic waves is analyzed
by calculating the Lorentz force distribution. It is shown that an incoming plane wave
tends to expand the bulk of a cloak while squeezing the outer boundary of the cloak
at the same time. The recoil forces can be treated as the reason of bending of ray

trajectories.
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Chapter 3

Effects of Imperfections on Invisibility

Cloaks

The requirement for perfect invisibility is quite stringent. The constitutive parameters must
satisfy the specific conditions which contain continuously varying anisotropy and inho-
mogeneity. Especially, the constitutive parameters possess extreme values, either zero or
infinity. All of these factors imply that it is quite difficult to implement the required consti-
tutive parameters in practice and thus it is necessary to study imperfect cases. This chapter

is concerned with imperfections caused by mismatches and frequency dispersions.

3.1 Scattering from mismatched cloaks

3.1.1 Spherical cloak with perturbed constitutive parameters

In last chapter we derived the wave equations and showed the exactly zero scattering from
a perfect spherical cloak from Eqgs. (2.12-2.15). In fact, Egs. (2.12-2.15) are able to
provide further information. For example, it is known that loss is often an important issue.
When the electric and magnetic loss tangents are introduced, the scattering coefficients
™ and TS become nonzero. In Fig. 3-1, we plot the bistatic scattering as a function
of the scattering angle # for the loss tangent of 0.01, 0.1, and 1, respectively. The vertical

. . . . . R 2 2
axis represents the normalized differential scattering cross sections, ;3173% , %%%2}, where
0 2 0
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Figure 3-1: Normalized differential scattering cross sections | Sy (6)[*/(k§m R3) and Sy (0)1?
/(k3mR2) [1] for a cloak (R, = 0.5)\g, Ry = A¢) with a specified loss tangent introduced in
each component of the permittivity and permeability. The inset shows the £, field for the
case of tan =0.1.

S1(#) and Sz(0) are defined by [1]:

2n+1) v
Si(0) = — TM7,(9) + TV 7.0
{0) = 3 0) + T ) o
Sy(6) = — TM7,(0) + TNV, (6
2() ;n(n+1)[” ()+ n ﬂ-()]
In the above two equations 7, (#) and 7, (6) are related to the associated Legendre functions
by m.(0) = —%t%@ and 7,(0) = —%—6—), respectively [38]. For the configuration

shown in Fig. 2-1, S; () and S,(0) represent the scattering patterns in the yz and zz planes
respectively. The two curves of S;(f) and Sy(f) overlap because M = "), From
Fig. 3-1 we see that the scattered power increases as the loss increases. A more interesting
phenomenon is that the backscattering magnitude is always zero (because M = 7,
and 7,(8) = —7,.(0)|e=1800), which is very different from conventional scattering from
regular particles [1]. The calculated field distribution in the zz plane for the spherical
cloak with tan § = 0.1 (Fig. 3-1, inset) is similar to the simulation results of a cylindrical

cloak with the same type of loss [3]. However, our analytical calculation shows that only
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the spherical cloak in this particular lossy case exhibits exactly zero backscattering. This
unique property of the spherical cloak indicates that the cloaked object can still completely
hide from a monostatic radar detection.

Since the constitutive parameters for a perfect cloak are very difficult to realize, non-
ideal material parameters are more often used in the measurements [3, 6]. Hence, it is worth
studying how the mismatched material parameters quantitatively affect the performance of

2
the cloak. We calculate the normalized scattering cross section (et = (k_a)—"’- 2(271 +
0

(|12 4+ |T")2) [1] as €; changes under three cases: (Case I) keep p; = /‘OEI?RT
constant; (Case II) keep the impedance 7; = \/,_u_Je—t 70 constant; and (Case III) keep the
refractive index n; = ;% ﬁzR— constant. The results are shown in Fig. 3-2(a), where
the horizontal axis ¢, is normalized by the ideal parameter eO—R-L— We see that when ¢,
is equal to the ideal parameter, the corresponding p in the three cases are all equal to
o Rz o and Q.. is equal to 0, meaning the cloak is perfect. When ¢, is slightly changed
from the ideal parameter, Q.. in Case I and Case II increase from zero more rapidly than
that in Case III. This is because in Case III, the refractive index is kept constant, and the
direction of Poynting vector inside the cloak is mostly close to the ideal case, as shown
in Fig. 3-2(b). Therefore, we can conclude that the bistatic scattering performance of the
cloak is more sensitive to 7, = \/m than n; = ,/us€;. However, it should be noted that
from Egs. (2.12, 2.13, 3.1) the cloak in case II is still invisible with monostatic detection
since the matched impedance results in a zero backscattering.

It is important to note that all the above analysis are valid independent of the material
parameters of the hidden object. Even when the material parameters of the cloak are imper-
fect, the incident fields still cannot penetrate into the hidden object, and the scattered power
is totally introduced by the cloak itself. This unusual phenomenon is based on the assump-
tion that the material parameters of the cloak in the radial and transverse axis always have
the same form of «, = ntir—R—‘ where « represents p or €. Hence, Egs. (2.5, 2.10, 2.11)
always hold, leading to fn ™ = 0and f(M) = 0, and the material parameters in the hidden
object give no contribution to the outside field. If some perturbations are introduced in

the relationship of the radial and transverse material parameters, the solution of Egs. (2.4)

should be revisited, and the interaction of the outside field with the hidden object cannot be
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Figure 3-2: (a) Normalized scattering cross section Quut [1] of a cloak as functions of ¢,

for three different cases: (Case I) keep [ = Hog, 2 constant; (Case II) keep n: = o
constant; and (Case III) keep n; = R 1{ constant (b) E, field distribution and Poynting
vectors for Case III with ¢; = 2¢p 525~ R , dnd e = 2”0%1{_1'
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omitted.

3.1.2 Cylindrical cloak with perturbed constitutive parameters

For a cylindrical cloak, though the geometry is relatively simpler, the condition for perfect
invisibility is still difficult to be realized. Here we apply the same procedure as that in last
section to a cylindrical cloak.

By taking the far-field approximation, we can get the far-field scattering information
from a cylindrical cloak with some loss or mismatch. The scattering cross section (nor-

malized by the geometrical cross section 2R;) (Q4..: can be derived correspondingly as

follows,
Qunt = 2wn, sin 6;
et (B + E})R,
1 & 1 &
D el (M2 4 - (M)2
{60 3oL 3 |} 62

Where o™ and a$"? are the scattering coefficients for TM and TE waves respectively. The

differential scattering efficiency in each unit radian angle can also be derived as follows,

wrj sin 6;
scat/aNgle = ——o——
Qvet/ 2080 = (F2 4 BE) R
. l‘_ - (N)ing (- \n|2 _1_ - (M) ging(_ ;\n|2 33
=1 D0 ae iy o] D ae (o) (33)
N=—200 n=—0C

We introduce a loss tangent for each component of the constitutive parameters of an
ideal cylindrical cloak, similar to the case we studied in last section. Figure 3-3 plots the
differential normalized scattering cross sections as a function of the scattering angle in the
xy plane for loss tangents of 0.001, 0.01, 0.1 and 1 respectively, due to a 2 GHz vertically
polarized and normally incident wave. The size of the cloak is the same as that in Sec.
2.1.2. Generally, with the increase of loss, the scattering increases. However, the backward
scattering is no longer zero, which is different with the spherical cloak with the same losses.

It is worth noting that the scattering angle at which the minimum scattering occurs is 180°,

73



—1a0(8)=0.001 ]

o

L O - = = tan(5)=001
-x\‘.‘ RYY r == tan(8)=0.1
WO, T an(®)=t

N
o
)
3]

Normalized Differential Scattering Section

10 - : : : :
0 30 60 90 120 150 180

Scattering Angle(degree)

Figure 3-3: The scattering pattern in the xy plane due to a vertically polarized and nor-
mally incident wave with different loss tangents for each component of the constitutive
parameters. The size of the cloak is the same as that in Fig. 2-5 and Fig. 2-6.
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i.e. the backward direction, only when the loss tangent is small. With the increase of the
loss tangent, this angle decreases, meaning the backward direction is no longer where the
minimum scattering occurs.

Another issue is how the mismatches of the constitutive parameters affect the cloak
performance. We find that a slight mismatch of constitutive parameters while keeping the
refractive index constant can still provide a good performance of a cylindrical cloak. This

property is very similar with the spherical cloak as shown in last section.

3.2 Dispersion effect on invisibility cloaks

All materials in nature are intrinsically dispersive, i.e. the constitutive parameters are func-
tions of frequency. For metamaterials, which are the building blocks for invisibility cloaks,
the dispersion is even more significant since a typical metamaterial works by constructing a
local resonance to tune its electric and magnetic responses [53, 54]. Here we use a spherical
cloak as an example and focus on the effect of dispersion.

In an ideal spherical cloak, the radial constitutive parameters €, and p, are required to
vanish at the inner boundary [2] at the single frequency which can be named as the “cloak-
ing frequency”. Since any physical wave has nonzero bandwidth, the transition of ¢, and
U from positive to negative will be formed within the cloak at frequencies entirely below
or above the cloaking frequency because of dispersions which usually possess the forms
of Drude and Lorentz types for most metamaterials. Similar positive-to-negative transi-
tion of constitutive parameters has been shown to cause some peculiar phenomena such
as negative refraction [54] and superlens [55]. Resonances caused by surface polaritons
between positive and negative index media has also been shown to produce strong anoma-
lous scattering [56]. Therefore, it is necessary to analyze the influence of this transition of

constitutive parameters on the performance of the cloak.

3.2.1 Multi-layer algorithm applicable to a dispersive cloak

The configuration of a 3D spherical cloak with inner radius R, and outer radius R, follows

that in Fig. 2-1. The cloak shell within R; < r < R; is a radially uniaxial and inhomoge-
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neous medium with permittivity tensor € = €, ()77 + 00 + e, and permeability tensor
T = p(r)PF + 106 + udd. An E, polarized plane wave, E, = Fe™0?, is incident upon
the cloak. The electromagnetic wave in the cloak shell can be decomposed into TM and TE
modes with respect to 7 [41], corresponding to scalar potentials W7 and Wppg. Since TM
and TE modes have similar derivations, we focus on the former. The r dependent function

f(r) of Wyy, satisfies Eq. (3.4) (i.e. Eq. (2.4) in Section 2.1.1), where k} = w?e,pu;.
0? n(n+1
{5+ [~ ™2 L = 6.9

By utilizing the relation between constitutive parameters specified in [2] at the cloaking
frequency, i.e. €, = etﬁr_rn%)?, f(r) can be converted to the Riccati-Bessel function [22].
However, €;/¢, is a function of frequency and position, which makes this specified relation

no longer hold at a deviated frequency.

In order to solve this difficulty, we shall revisit Eq. (3.4). Since €, does not vary much
with variation of 7, we can divide the cloak shell in B; < 7 < Ry into a lot of thin layers,
which is similar to the recipe applied in practice [6]. Then both ¢, and ¢, in each layer of

R < r < RU*Y can be treated as constants, such that Eq. (3.4) has solutions
f('f') = a'jnwu(kt'r) + a]nR;{;fuCV(ktr)’ .7 = 1) 2) N (35)

where 1, and (, are Riccati-Bessel functions of the first and the third kind, respectively,

RTM

with a complex order v =  /&n(n + 1) + - %, and R,/

is defined as the general reflec-
tion coefficient of nth order in the jth layer. The field solution in each layer can then be
expressed with different coefficients a;, and R%M as unknowns. By matching the boundary
conditions between adjacent layers, we first calculate the reflection and transmission coef-

ficients due to a single reflection and transmission across the interface between adjacent
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layers numbered j and j — 1 as follows,

“:"t_"%lwu,j(kt,jR(jil))lpu,j~1, (kt ;1 RUD)

_[pmegoyy e BG-DYe (K, s RG-D
RTM _ Kt g€t ¢"’~7V1( t’J*IR )wu,] (kt,JR ) (36)

ij71 - o - - -
\/—&TL_:j_l’(/J,,yj_l(k‘t’j_lR(J 1))6},], (kt,jR(] 1))
wu;uzy;l(,,,]-(kt,]-R(JAl))d)y,]ﬁlf(k:t'jﬁl‘,_z(]pl))

Vi, (ke ;ROD)G 51 (e ROTD)

B &LCV»J'—l(kt,j—lR(j‘l))Cu,j,(kt,jR(j_l))

R}E‘/{J = Ht,y-1 ‘ : . (3.7)
_#L,qu,j—l (kt,j—lR(]_l))CV,]‘ (k;t,].R(J—l))

Ht,g-1

Y pattd—(, (ke s RY V)51 (ke g1 ROTD)

l
Tfaﬂfl = ’ . 8
l“:,;-l Vi1 (kt,j—lR(J_l))Cu,J' (kt,jR(]_l))

—y) =G (ke s R D) g1 (R j 1 RUY)

M — ¢ (3.9)

_11j € . ’ _
\/ ”—t“'t;_;ef::_lwu,jvl(kt,j—lR(J—I))Cv,j (ke jRVV)

— g, (ke ;RO D) 51 (ke RYY)

After obtaining these single reflection and transmission coefficients, we can easily get the

general reflection coefficients by

T™M pTM TM
T30, 8570, 2T

RIM = RTM 19 (3.10)

Jn \J _ pTM DTM
1= R;™ RN 0
Moreover,
Tirs s
J+l,j
Ajn = = Ajt1,n (31 1)

1 - Rjj11 R

The coefficients for TE waves can be treated as a dual case and obtained similarly. There-
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fore, all the fields over the whole space can be determined in a straightforward manner.

To validate this algorithm, we study the dependence of normalized scattering cross
section (normalized to 7 R3) on the number of layers. The parameters at each layer’s center
are set to match those proposed in Ref. [2] and R, = 2R, = 1.5) at the cloaking frequency
of 10 GHz, where Ag = 3cm. The concealed region r < R; is specified to be a PEC. It can
be found that as the number of layers increases, the scattering cross section drops rapidly.
When the number of layers reaches 100, the normalized scattering cross section reaches

10~7, which is close to “perfect invisibility”.

3.2.2 Distributed penetration depth and blue-shift effect

Since each layer’s parameters can be specified arbitrarily, we are able to deal with more
complicated situations including cases with anisotropic loss and dispersion. Since ¢; and
¢ are larger than 1 and do not vary within the whole cloak shell, they can be treated as
constants over the frequency band of interest. The radial constitutive parameters €, and
- can be thought of as being achieved by embedding radially uniaxial metamaterials in a
background with ¢; and y;. Subsequently, Drude model [57] and Lorentz model [58] are

applied to ¢, and p,., respectively, as follows:

3
f(f +1im)
F

pr = (1 - 1+iv/f — f2f?

€r = Et(l - ) (3]2)

) (3.13)

For simplicity, we set y; = v = v and ' = 0.78. Forcing the real parts of parameters at
the center of each layer to match the relation proposed in Ref. [2] at the cloaking frequency,
the corresponding f,, and f, for each layer can be calculated as well as subsequent €, and
(4 at other frequencies.

Now we first consider the case where v # 0. Then ¢, in Eq. (3.4) is always nonzero.
Figure 3-4 shows the normalized scattering cross section spectrum of a dispersive cloak
with different losses where the number of layers is set as N = 100. By decreasing -,

the curve of normalized scattering cross section is convergent. It can be seen that though
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Figure 3-4: Dependence of scattering cross section (normalized to wR2) on different fre-
quencies and losses. Ry = 2R; = 1.5A¢. A¢ = 3cm. In the concealed region 7 < R; is
PEC.

invisibility is sensitive to frequency deviation, extremely low normalized scattering cross
section can still be obtained within a small finite bandwidth around the cloaking frequency.
This result excludes the possibility of some kind of large anomalous scattering [56] in the
vicinity of the cloaking frequency. Moreover, the working bandwidth of the cloak depends
on the sensitivity of the detector outside. For example, if we set 0.04 as the upper limit
of the undetectable normalized scattering cross section, then the working bandwidth of the
cloak is about 100 MHz around the cloaking frequency of 10 GHz. An arbitrary nonzero
scattering cross section limit can always be satisfied by narrowing the bandwidth.

Next we consider the other case where v = 0. What is different in this case is that, if
the frequency is below the cloaking frequency, then the normal dispersion requires that €,
(or u, if TE waves are considered) close to the inner boundary be negative and Eq. (3.4)
has a singularity at the position where €, is zero. This singularity will form an impenetrable
wall for TM waves as we will demonstrate in the following. Similarly, another singularity
caused by u,. of zero value will form a wall for TE waves. Figure 3-5(a) shows the distri-

bution of E, in zz plane when a E, polarized incident plane wave (E; = £e*?) is passing
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through the cloak along z direction. For the sake of illustration, we choose the frequency
deviation to be -532 MHz and v = 0.0001GHz. Since most contribution of E, field in
zz plane except near the z axis comes from TM waves, it can be seen that the TM field
is expelled by a very thin “wall” within the shell which little TM field can penetrate. The
position of this “wall” coincides with the position where ¢, is zero. In yz plane which is
not shown in this letter, we can see a similar “wall” for H, field except with a different
location because ., has different dispersion and thus different location of zero value. The
influence of loss on the field distribution is shown in Fig. 3-5(b) where the amplitude of
E, field along the direction (§ = 27/3,¢ = 0) where TM field is dominant is plotted. It
can be seen that with decreasing v, the field outside of the “wall” (r > RIM) is almost
unchanged and the field inside of the “wall” (r < RﬁM ) is decreasing fast while the “wall”
at 7 = RTM becomes thinner and sharper. Further decreasing of -y requires increasing the
number of layers N which is not shown in Fig. 3-5. In the limit of v — 0, the field at
r = REM (or r = RTF for TE waves) will diverge and all TM fields will be blocked for
r > RIM while for TE fields, for r > RZF. Similar “wall” effects have been found to
prevent waves excited by an active device inside the concealed region from going out at
the cloaking frequency, as we have seen in Section 2.2. But here this effect is induced by
the incoming wave directly when the frequency is deviated from the cloaking frequency. A
more rigorous argument can be made as follows. Following the derivation in Section 2.2,
suppose a layer within the cloak shell has €, and thickness d, then it can be found that in the
limit of ¢, — 0, the TM field inside this layer as well as all the space it encloses decreases
to zero while the TM field on the surface of the layer diverges, no matter how small d is.
Since this “wall” for TM waves requires the tangential H field to vanish, it can be treated

as a PMC wall. Similarly, another wall expelling TE waves is a PEC wall.

This peculiar “wall” effect will form a rainbow-like field distribution inside the cloak
since different frequency components penetrate into different depths from r = K3 to
r = Ry, as shown in Fig. 3-6 where six frequencies are considered. Such a frequency
selection challenges a basic concept in optics, group velocity. The group velocity at the
inner boundary of the cloak has been calculated from the point of view of geometrical op-

tics to study causality of the cloak [20, 21]. However, what really happens at the inner
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Figure 3-5: Field distribution of (a) E, in zz plane and (b) |E,| along the direction (6 =
27 /3, ¢ = 0) when a z-polarized incident plane wave with frequency 9.468 GHz is passing
through the cloak along z direction. The size of the cloak is the same as Fig. 3-4. The
number of layers N=300.
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Figure 3-6: Fields of different frequencies have different depths of penetration within the
cloak. Here only TM fields are considered. All other parameters follow Fig. 3-5.

boundary should be based on the field solution directly. As we all know, the group velocity
at the cloaking frequency of f. represents the speed of the envelop formed by two close
frequency components f.— ¢ f and f. + d f. For the wave with frequency f.+ 0 f, it is able
to reach the inner boundary = R,. But for the wave with frequency f. — J f, as we have
shown, will be stopped somewhere in-between by the PMC and PEC walls and thus never
reach the inner boundary 7 = R,. Therefore the group velocity at r = R; is meaningful
only for the frequencies above the cloaking frequency, i.e. f > f.. As a result, the group
velocity at 7 = R; at the cloaking frequency loses its physical meaning.

The different responses of cloak to different frequencies can lead to another interesting
phenomenon. At the cloaking frequency f., the strictly monochromatic wave will pass
through the cloak without any distortion [2, 17, 22]. So an observer looking at an object
emitting or reflecting this monochromatic wave behind the cloak will see exactly the same
object as if there is no block in front of it. But is this true for a more physical quasi-
monochromatic wave possessing a narrow band? For the wave with frequency slightly
deviated above at f. + ¢ f, the most part of the cloak shell does not change much except
theA part close to the inner boundary » = R;. Thus only a narrow spectrum of wave can
reach the PEC core within r < R,;. From the view of the observer outside, the scattering
looks as if it is from a very small PEC particle, i.e. Rayleigh scattering occurs in this

case [20]. For a very small PEC particle with kR < 1, the first order scattering coefficients
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Figure 3-7: The frequency center of a quasi-monochromatic incident plane wave is blue-
shifted in the forward direction after passing through the cloak. The dimension of the cloak
follows Fig. 3-4. The transmitted wave is measured at the location 30y apart from the
cloak.
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RIM and RIF becomes dominant [16], where RIM = —o'(kR)/( (kR) =~ 2i/3(kR)®
and R}E = —(kR)/((kR) =~ —i/3(kR)3. The phase of scattering wave in the forward
direction (# = 0) depends on the phase of —i Y (RIM + RIE) [1] which in this case is
—i(RIM +RYE) =~ +1/3(kR)3. The positive sign indicates that the forward scattering field
will constructively interfere with the original incident field. Thus the wave after passing
the cloak will be reinforced. But for the incident wave with frequency slightly deviated
below at f. — & f, the observer outside will regard the scattering of TM waves as if it is
from a PMC particle and the scattering of TE waves as if it is from a PEC particle because
of the PMC and PEC walls close to the inner boundary. Thus in this case R:M = RIE =
—(kR)/C(kR) =~ —i/3(kR)3, which gives —i(RIM + RLF), a negative value. Thus the
field after the wave passes the cloak will be decreased. After noting these differences, we
can study the behavior of this quasi-monochromatic wave passing through the cloak. Since
the frequency components f > f. are reinforced while the other frequency components
f < f. are weakened, the frequency center of this incident wave will be blue-shifted after
passing the cloak in the forward direction, i.e., shifted toward a higher frequency. Thus
the observer looking at the object emitting or reflecting this quasi-monochromatic wave
behind the cloak will see a blue-shifted wave. Figure 3-7 plots this shift effect for a quasi-
monochromatic incident plane wave with Gaussian distribution in frequency spectrum with
mean of 10 GHz and variation of 50> MHz2. The transmitted wave is measured at the
location 30 apart from the cloak. It should be noted that this blue-shift is caused by
the shift of frequency center of the narrow band wave, which does not mean any change of
frequency itself. Furthermore, this blue-shift effect does not depend on the size of the cloak,
but the normal dispersions of radial constitutive parameters. For anomalous dispersions

which rarely occur, a red-shift effect will arise.

3.2.3 Signal transport and time-delay

How a light signal propagates through a physical dispersive invisibility cloak is one of the
fundamental problems in studying transformation-based invisibility cloaking. Here, we

present a full-wave method on the transmission of a Gaussian pulse through a spherical
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invisibility cloak with causal dispersions. This study helps to provide a complete picture of
energy propagation through an invisibility cloak.

To study the light signal propagation through a physical dispersive cloak, we consider
several key quantities: group velocity, energy transport velocity, time-delay, and distortion
of energy distribution. Previous single frequency analyses [2, 3, 6, 13, 17, 22, 23, 27, 42,
59, 60] did not provide results of the group velocity and the energy transport velocity. Some
studied the group velocity and the energy transport velocity inside a cloak from the view
of ray theory [20, 21]. Ray theory gives good demonstrations for a dispersionless case, be-
cause it can show the paths of rays inside the cloak. However, when it is applied to a disper-
sive cloak, the analysis in Ref. [20] raised the issue that such a cloak may violate causality,
since the group velocity at the inner boundary diverges. In addition, Ref. [21] stated that a
ray would take nearly infinite time to reach from one side of the cloak to another side if it
points at the origin of the cloak, since the energy transport velocity approaches zero at the
inner boundary. Furthermore, the ray theory approach applied in previous studies did not
address the issues of scattering and distortion of energy distribution during the process of
energy transport. Time-domain simulation [61] does produce some useful results, but is not
able to provide as much insight into the physics to answer these questions as an analytical
approach does. These problems must be carefully examined before we get a clear picture
of energy propagation through a dispersive invisibility cloak.

We study these problems by using a real signal (a Gaussian pulse) together with full-
wave analysis. The instantaneous field and Poynting vector at each point in space and
time can be calculated, from which we show that inside the cloak, the local group velocity
and the energy transport velocity may no longer be clearly defined due to the serious local
distortion of the signal. However, if the bandwidth is sufficiently narrow, we can still define
the time-delay of the signal on a target plane behind the cloak, and examine the spatial
distortion of the transmitted pulse/energy.

Figure 3-8 shows an isolated signal carried with carrier-frequency fo (with period T
and wavelength \g) and characterized by a Gaussian envelope C(t) = e ¥/27° Thus the
complete signal of this Gaussian pulse sent at the input plane at 2 = —d, is E(t,—d) =

£C(t) cos(2m fot). This &-polarized Gaussian pulse is incident along Z direction onto a
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Figure 3-8: Propagation of an isolated narrow-band Gaussian pulse through a frequency-
dispersive spherical invisibility cloak with a target plane set up at z = 12cm. The pulse
peakisat z = —6m whent = 0. R, = 2R; = 9cm.

dispersive spherical cloak that is designed to conceal arbitrary objects perfectly only at
the carrier-frequency fo [2]. The cloak layer within R; < r < Ry is an anisotropic and
inhomogeneous medium with permittivity tensor € = €77 + €00 + etq% and permeability
tensor i = 77 + 100+ pedp. It is chosen such that at fo, €;/€ = p¢/pto = Ra/(Ra— Ry)
and €,/€; = p,/1; = (r — Ry)?/r? [2]. We adopt the same dispersion types as in Section
3.2.2,ie.

I

f(f +im)
F

b =1 T TP

€ = €(1 — ) (3.14)

(3.15)

where ¢, and p; are assumed to be constants over the frequency range of interest, f, and
fo are parameters for Drude model and Lorentz model respectively, F' = 0.78, and y; and
7, are set to be zero. The background is free space. We set a target plane at z = dy. The

signal propagation through each point in this target plane is monitored.
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The original Gaussian pulse can be expressed by a Fourier integral as follows
Einc(i t) =R {/ Eirzv(w)eik(z+d1)_iwtdw} (316)
0

where R means taking the real part, E;,.(w) is the Fourier transform of E(t, —d;) and
k = w,/pot,. To facilitate calculation, we truncate the original signal from —T to T
and let it be periodic with a period of 27". A very large period of 2T will not affect our
treatment of a single Gaussian pulse significantly. The Fourier integral can then be written

as a Fourier series

—E_i"c(',_", t) =R {Z Eneinko(erdl)—iwot} (3.17)

n=0
where E,, is the coefficient of the nth order item, wy = 7/T and ko = wp/Ho€o- Due to the
narrow band property of the original signal, we can discard the items in the Fourier series
except those from n = N; to n = N, with frequencies close to f;. Thus the total electrical
field in presence of the dispersive spherical cloak can be expressed as

Na

E(r,t) = §R{ Y [EEue™EH) L B (T)] eiwot} (3.18)
n=N;

where E ., is the scattering field for nth order item with frequency nwy, which can be

solved by using a multi-layer algorithm as we have shown in Section 3.2.2. After obtaining

E(7,t) in time-domain, we are able to predict the signal or the energy propagation.

As a concrete example, an input Gaussian pulse is modulated at f, = 10 GHz with
o = 207y = 2ns. We truncate this signal from —20ns to = 20ns (I" = 20ns). Then
the frequency spectrum is discretized by the sampling gap 6 f = 25 MHz. We choose the
time-harmonic plane wave items covering the range from 10 GHz — 375 MHz to 10 GHz +
375 MHz. In other words, we reconstruct the original Gaussian pulse by using 31 time-
harmonic plane waves with different frequencies. Amplitude of each plane wave can be
determined with straightforward calculation. The outer radius of the spherical cloak R;
is 9 cm (3)g) and the inner radius R; is 4.5 cm (1.5)¢). Region r < R, is PEC. In the
multi-layer algorithm, the number of layers NV is set to be 200. We set d; = 200Xy = 6 m
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Figure 3-9: E, field distribution when the Gaussian pulse is passing through the dispersive
spherical cloak at (a) t = 20ns and (b) ¢ = 23 ns.

and dy = 4\ = 12cm.
To be consistent with Ref. [62] about the definition of the arrival moment as the ex-
act moment when the main part of the signal arrives, we first calculate the instantaneous

Poynting power transferred through the target plane as
S.(t,z,y,dy) = E(t,z,y,dy) x H(t,z,y,dg) - 2 (3.19)

where (z,y, dz) is a point in the target plane. Then the total accumulated energy that would
transport through a given point in the target plane can be calculated as W = 44T:2°+2T S.dt.
In our numerical integration, the integration step length is set as 6t = 7p/20 = 0.005 ns.
Based on that, we can pick the exact moment when half of the total accumulated energy
has been transferred as the arrival moment ¢, of the signal reaching the target plane. Time-
delay of the signal is defined as ¢, — t;,,., where t;,. is the arrival moment of the incident

signal in absence of the cloak and the PEC core.

Now let us discuss the results. Figure 3-9(a) and (b) show the £, field distribution at the
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moments of ¢ = 20ns and ¢t = 23 ns, respectively. Att = 20ns, the peak of the incident
Gaussian pulse is passing the center of the cloak. It is seen that the energy, or the wave
envelope, is slowed down inside the cloak. When the pulse is passing by, some energy is
stored inside the cloak. After the pulse leaves, the energy is released. It is worth mentioning
that during the whole process, the phase of the signal exhibits minimal disturbance. The
reason is that, although the cloak is created from the coordinate transformation theory, the
theory itself does not provide any direct information about the energy propagation but only
shows the perfect transmission of the wave’s phase through an invisibility cloak. Therefore,
the causality of the cloak cannot be judged by analyzing the behavior of an infinitely long
sine wave at a single frequency but should be based on tracing the motion of the wave
envelope which represents the energy’s location. We can see from Fig. 3-9(b) that the
transmission of the pulse through the cloak is delayed due to a longer physical distance
when compared to a free space case. Vividly, the ray’s true path in physical space has been
elongated as shown in Refs. [2, 13]. However, is it true that a longer ray path must lead to

a larger delay of the wave signal and energy propagation?

Figure 3-10 shows the instantaneous Poynting power S, at the points (4.5, 0, 12), (2.25,
0, 12) and (0, 0, 12) cm in the target plane compared to the incident signal’s instantaneous
Poynting power in absence of the cloak and the PEC core. It should be pointed out that the
instantaneous Poynting power has fast oscillations inside the modulation envelope. We can
see that the signals transported through the cloak have well-defined arrival moments and
are indeed delayed when compared to the incident signal. However, it is very interesting
to note that the signal coming along the center of the cloak, i.e. passing through (0,0,12)
cm in the target plane, is faster than signals at some other points. In Fig. 3-11, we plot the
time-delay distribution using the previously defined arrival moment in the target plane, and
it exhibits a volcano-like shape with a pit at the center. This result is quite counterintuitive,
since according to the geometrical description, the rays traveling closest to the z axis should
have the longest distance to go. In fact, calculation based on geometric optics shows that the
ray pointing at the center of the cloak would take nearly infinite time to reach from one side
to the other of the cloak [21]. However, the energy propagation is governed by Maxwell’s

equations and it may not satisfy the ray approximation. Historically, it has been shown
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Figure 3-10: Instantaneous Poynting power S, at (4.5,0,12), (2.25,0,12) and (0,0,12)
cm in the target plane compared to the incident signal in absence of the cloak as well as the
PEC core.
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Figure 3-11: Time delay distribution of the signal arrived at the target plane after passing
through a dispersive spherical invisibility cloak. Maximum delay is 1.755 ns while the
delay at the center is 1.395 ns.

that the geometrical model of energy propagation is inadequate in certain cases, where
a well-known example is the Poisson’s spot [63]. Similarly, in the case of a dispersive
spherical cloak, when the wave energy is approaching the inner boundary of the cloak, it
cannot be approximated by a geometrical ray anymore. We have shown in last section that,
for the dispersive model we are using, only the frequency components with frequencies
above the cloaking frequency can reach the inner boundary, while all the other will be
expelled completely. Therefore, no matter how narrow the bandwidth of the signal is,
when it approaches the inner boundary, the signal will be seriously distorted and the precise
location or arrival moment of the signal or energy is not well-defined in the regions near
the inner boundary. Full-wave calculation strictly from Maxwell’s equations is necessary
in this case. In other words, there is no precise path for the “ray” traveling along the center

of the cloak to follow.
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Regarding the issue of the group velocity [20] and the energy transport velocity [21],
it has been shown that they practically equal to the signal velocity except in anomalous
dispersion with high absorption [62]. However, this conclusion has not taken into account
the effect of anisotropy. The constitutive parameters €, and p, close to the inner bound-
ary follow normal dispersions around their plasma frequencies. Yet the anisotropy causes
the response of the material to be quite different even with an extremely small frequency
change: an extremely small frequency change which causes the transition of €, and y, from
positive to negative expels fields abruptly. Hence the response is strongly frequency sensi-
tive but the material has normal dispersion. Therefore, besides anomalous dispersion with
high absorption [62], in this particular case of a spherical dispersive cloak, the group ve-
locity and the energy transport velocity are no longer equivalent to the signal velocity (the
group velocity is infinity close to the inner boundary [20], the energy transport velocity is
zero close to the inner boundary [21], while the signal velocity is finite and nonzero [62]).
Even when the cloak is embedded in a medium with a large refractive index [2], it does
not help to change this nonequivalence. As a result, the strong distortion still cannot be

avoided.

In Fig. 3-12, we plot the accumulated energy transmission through each point of the
target plane. It can be seen that the energy of the signal after traveling through the cloak
is redistributed in the target plane due to diffraction, and the energy transported through
the center in the target plane is neither the smallest nor the largest in this particular case.
In other words, the cloak illuminated by the Gaussian pulse produces a distorted pattern
over the target plane with the center being neither the darkest nor the brightest as shown in
Fig. 3-12.

From the viewpoint of the ray model used in Refs. [2, 13, 17, 21], the problem we have
is a symmetric one and thus any response of the cloak should be rotationally symmetric
with respect to the z axis. However, it is interesting to see from Fig. 3-11 and Fig. 3-12
that neither the time-delay nor the redistributed energy at the target plane is rotationally
symmetric. The variation along z axis is different from the variation along y axis. If the
polarization of the incident light wave rotates by an angle, the time-delay and the energy

redistribution patterns will be rotated by the same angle.
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Normalized transmitted energy

Figure 3-12: Normalized accumulated energy distribution of the signal arrived at the target
plane after passing through a dispersive spherical invisibility cloak. The minimum is 0.7638
while it is 0.9075 at the center.
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3.3 Summary

In this chapter, we studied more realistic situations of transformation-based invisibility
cloaks. Influences from the imperfections due to loss and mismatches are analyzed. Dis-

persion effect in a spherical cloak is explored in details. The main conclusion are as follow.

e Under certain specific lossy conditions, the spherical cloak is still perfect for a back-
ward scattering detector, while a cylindrical cloak with the same lossy conditions is

visible.

e Itis shown that electromagnetic waves with different frequencies have different depths
of penetration and thus form a rainbow like field distribution inside the cloak whose
radial permittivity and permeability are of Drude and Lorentz types. A quasi-monochromatic
wave will gain a blue-shift of the frequency center in the forward propagating direc-

tion.

e The group velocity and energy transport velocity are not well-defined when the wave
is approaching the inner boundary because the wave is seriously distorted. However,
when the frequency band is narrow enough, we are still able to define the time-delay
of the signal arriving at a target plane behind the cloak. A volcano-shaped spatial

time-delay of the transmitted signal is demonstrated in a concrete example.
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Chapter 4

Radiation by a Fast-moving Charged
Particle through a Perfect Cloak

Physical laws that describe the nature govern the behavior of an object in space and time.
For example, two sets of basic physical laws, Newton’s laws of motion and Maxwell’s
equations, are both functions of space and time, while they apply to different physical
objects—one is a concrete object with inertia, the other can be an electromagnetic wave, or
a photon with zero stationary mass. In general, the space where theses physical laws apply
is flat if gravity is ignored. In previous chapters, we have known that analogous to general
relativity where time and space are curved, the space for light can also be bent, even in an
almost arbitrary way [64]. The possibility of perfect invisibility cloaking [2, 13, 22, 59] was
subsequently proposed, where metamaterials that construct the cloak mimic the coordinate
transformation, squeezing the originally flat electromagnetic space and forcing light to fol-
low curved trajectories [65]. The act of cloaking is commonly believed to be undetectable
simply because the concealed region is not a part of the original electromagnetic space.
Recent experimental progresses on cloaking are approaching this destination closer [6, 66].
Though the prediction of perfect invisibility is important, on the other hand, it is of the
same importance to find a way to detect a perfect cloak no matter which frequency band it

is working in and whether it is broad band or narrow band.
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4.1 Motion in two spaces

The theoretical foundation behind transformation optics is the symmetry [67] of Maxwell’s
equations: the coordinate transformation does not change the form of Maxwell’s equations
but only change the permittivity and permeability tensors as well as the field values. An
invisibility cloak, therefore, is like a “mirror” that images the the originally flat electromag-
netic space into the physical space by squeezing the electromagnetic space. Looking at the
“mirror” from outside, one can only see the illusion of a flat electromagnetic space. When
a photon propagates through the bent electromagnetic space, it actually does not know the
bending of the space, since it is completely located inside the electromagnetic space and
there is no other reference for it to judge whether the space is bent or not. Therefore this
photon will be cheated by the cloak as if it is passing a flat space. However, one should
notice that when the space for Maxwell’s equations (electromagnetic space) is squeezed,
the space for Newton’s laws of motion (mechanical space) is still flat. Before the coordi-
nate transformation, they share the same physical space, but after transformation, they are
separate. In other words, at the same physical location, a bent electromagnetic space and a
flat mechanical space overlap. If one chooses the flat mechanical space as the reference, the
bending of electromagnetic space is perceivable. This asymmetry can be utilized to detect
a perfect cloak no matter which frequency band it is working in and whether it is broad

band or narrow band.

In order to make a judgement whether the electromagnetic space is bent or flat, one
must perceive both the electromagnetic space and the mechanical space at the same time,
the latter of which will be chosen as the reference. Inside the cloak, all photons or elec-
tromagnetic waves propagate in the bent electromagnetic space, while an inertial particle
moves in the flat mechanical space. Generally, these two spaces are not connected directly.
The only bridge from the flat mechanical space to the bent electromagnetic space is the
charge attached to a particle. A charged particle possesses both mechanical properties and
electromagnetic properties, meaning that it is able to move inside these two spaces simul-
taneously. The charge, which goes together with the mass, moves uniformly in the flat

mechanical space if the energy loss is negligible compared to the particle’s kinetic energy.
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At the same time, it is moving nonuniformly in the transformed electromagnetic space.
This motion couples to photons and generates radiation.

Now we discuss the origin of this asymmetry. Though the transformation theory is
strictly derived from Maxwell’s equations, Maxwell’s equations themselves do not govern
the motion of charges directly, so the motion of the charged particle is determined in the flat
space to be along a straight line. Once the charge of the mass couples to the photons, these
photons’ motion are governed by Maxwell equations and they propagate in the bent space.
In short, this asymmetry of transformation theory stems from the inequality of positions

between photons and charges in electromagnetic theory.

After understanding the difference of the appearance of electromagnetic space to charges
and photons, we can study how much radiation the fast-moving charged particle will gen-
erate. From the transformation viewpoint, the charge is doing nonuniform motion in the
virtual electromagnetic space and therefore it will generate radiation. We can also look at

the same problem from the side of physical space.

In 1934, Cerenkov studied that liquids and solids emit visible radiation when bom-
barded by fast-moving electron beams [16]. Later, Frank and Tamm used the macroscopic
theory and established that an electron moving uniformly in a medium radiates light when
the electron velocity is greater than the velocity of light in the medium [16]. After that,
a lot of studies has been carried out for the radiation generated by fast-moving charged
particles through different kinds of media, homogeneous or heterogeneous, isotropic or
anisotropic [68, 69]. However, most of these studies are only for simple geometries like
planar plates or stratified layers, and for simple anisotropy like homogenous anisotropy.
Few studies considered both anisotropy and inhomogeneity. Here we extend the Frank and
Tamm’s theory to a perfect spherical invisibility cloak with a fast-moving charged particle
going through.

Figure 4-1 shows the geometry of a spherical cloak with a fast-moving charged particle
going through with a uniform velocity. The spherical cloak is created by squeezing the
virtual space such that a “hole” of r < R; in physical space is generated. In the physical
space, the light ray is bent around the concealed region r < R, to make it “invisible”,

while the particle follows a straight line with a constant velocity. However, if we treat the

97



Py
N

.

°s

e
o*

.
“tenmmm="®

-

[y
.
.

= /Particle Photon *

[ ———

g

Photon " /;:::-,"Particle
propagation 7: motion  propagation A "2 motion
I g T

I 1 Et
Physical Space Virtual Electromagnetic Space

(Free Space)

Figure 4-1: Trajectory of a fast-moving charged particle inside the cloak compared with
the trajectory of the light ray in (a) the physical space and (b) the virtual electromagnetic
space.

same problem in the virtual space as shown in Fig. 4-1(b), the particle’s trajectory is bent.

We can also see that the velocity of the particle is larger close to the outer boundary while

smaller in the middle.

Suppose the attached charge to the particle is ¢ and the velocity v is in 2 direction
along the line ¢ = zo and y = yo. We can write down its current density as follows,
J(7,t) = 2qud(z — 20)0(y — Yo)d(z — vt). Since the cloak is created by the transformation
7 = f(7) characterized by the Jacobian A}, the corresponding current density in the virtual

space can be obtained as [15]

T(7,t) = |A| "R T(F,t) = gh - 208(F — T (&0 + o + 2vt))

We can see that the charge is moving nonuniformly in the original flat electromagnetic
space with the velocity A v, as shown in Fig. 4-1(b). It is well-known that a nonuniformly
moving charge will generate radiation. In the following, we will demonstrate the radiation
process in the physical space directly. The first step is to derive the dyadic Green function

of an electric dipole within the cloak.
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4.2 Dyadic Green function by vector eigenwave expansion

We start with studying the dyadic Green function —5—; when an electric dipole is put within
the cloak. Since 5; = 5(,; + gE, where 5’; is the dyadic Green function when there is no
reflection from the boundaries r = R; and r = R,, while b_::g represents the contribution

=0
of these reflections, we first derive G .

The expression for the scalar potentials inside a linearly transformed spherical cloak is
shown in Section 2.1.1, which is ¥ = k,(r — R;)j.(k:(r — R1)) P™(cos §)e™®, where k; =
k,Ry/(Rs — R;) and j, is the spherical Bessel function of the nth order. By introducing
an auxiliary tensor T = ##(r — R1)2/r? + 00 + ¢, we first define the vector eigenwaves
inside the cloak,

M=V x 7V “4.1)

)

Num =2V x (T - Mum) 4.2)

Explicitly, they can be written as

— | '
= — 3 _ m . im¢
M"’m - 9,,,. sin ekt(r Rl)]n(kt (7' Rl))Pn (COS 9)zme
31 ) 0 im
‘¢;kt(7" — Ry)jn(ke(r — R1))%P,""(cos 6)e'™? 4.3)

_ (r—R . - .
Nom = T(rr—zl)n(n + 1)ju(kt(r — R1)) Py (cos 6)ei™?

+é%%(r — Ry)jgnlke(r — Rl))—?—P’"(cos 0)e™?

60 n
~ 1 0 ) . ime
—[(r — , — i m 44
— 5.0 = Ra)gull(r — Ra))| P (cos 6)ime (44)
It is easily seen that

— 1 = —

Mn,m = k_v X (T : Nn,m) (45)
t

So the vector eigenwaves M, ,, and N,, ., satisfy symmetric relationships of Egs. (4.2) and

4.5).
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We define an inner product between vetors A and B as

2 —
(A,B) = / // (A-T - B)r’sinfdrdfde (4.6)
R

Under this definition, we can show the orthogonality between M,,,m and Nn,m.

(—M-n,m(w)a —Nn’,—m’ (w,)) =0
N ~ w2n(n
(Nn,m(w)a Nn',—m’(w,)) 2 2n(+iH) (“1)26""' mm'd(w - wl)
(M (@), Mo e (@')) = 22 (1) G S (w0 — ') @.7)

2n+1

The electric and magnetic dyadic Green funtions a; and 5‘;, satisfy the Maxwell equa-

tions as follows,

Vx(T 'V xGy)—T -kGy=T6F—7) (4.8)

Gy
Vx(T -VxCy) =T KBGy=V x [6(F 7T (4.9)

According to the Ohm-Rayleigh method [70], we can write the right part of Eq. (4.9)

as

V x [6(F —7)T) = /O dnz wm () Anm (k) + Mum(K)Bum(k)]  (4.10)

nm

Utilizing the orthogonality between M, ,,, and N, ,, and applying the inner product as
defined above to Eq. (4.10) as

(N, e (&), V x [6(F — 7)T))
= (Nw - (&), J5 @63 o [Nom (8) Anm(K) + My (k) Bum(K)])  (4.11)

we are able to get

2n+1 —

J— =/
An,m(ff) = m(—l) I‘EM"yim(li) -T (412)



where the prime means replacing 7 by 7. Similarly,

— 2n+1 —

Bnm = —————(-1)"&kN,, _ . 4.13
] (K’) 27r2n(n + 1)( ) K n, m(,":) ( )
We can write 5‘; in the similar expansion as Eq. (4.10) as follows,
— =1 %0 2n + 1
=T d m
H /0 K%szn(n+l)( )"
— — -1
A6 N (W), () + b Mo (9) N, ()} - T (4.14)
we can finally get that
iT=-1 2n+ 1)(-1)™
Cn=73 Zm 2m2n(n + 1)
-1
(N'ELIZRMIL —-m + Mflflle m) ' 1:—‘/ Y r > r, (4 15)
-1 .
(N" mMrfl)m +M, m—]vifl)"'t) ' 7=J , r<r

where the superscript (-)’ means replacing (7, 6, ¢) by (r',8',¢') and (-)!) means replacing
the spherical Bessel function j,, by the spherical Hankel function of the first kind A,

The electric dyadic Green function 5;3 can be obtained similarly as follows,

ol
>
=

!
=L
~

=-1 ir=1l< 2n+1)(-1)™
+ 2_ktT Z 2m%n(n + 1)

— =1
(M(l) Mn m+Nnm_1L )T ) r>r

n,m

—(1) =1 (416)
(M,,mMn ) A NN m) T . r<r

Then by matching the boundary conditions at 7 = Ry and r = R,, we can further get that
=lI1
E:; = 0. Therefore G; = 5‘; The transmitted field in the region of r > R, can be written

=12
by the dyadic Green function G ;

—12 M+ 1)(=1)™  fou o 1
GEZ%Z(-EL)(_)— (M’M + NN, )-T 4.17)

27r2n(n+1) n,m —m n,m*"' n,~m
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where M and N are directly obtained from M and N by letting R; = 0.

The electric field generated by a dipole inside the cloak can thus be written as

iwpe [[[ 5;;2 SJ(r)dV',  r> Ry

— =11 _
ET,t) = dww [[[ G -J(r)dV’', Ri<r <R, (4.18)
0, r< R,

4.3 Instantaneous field evaluation

From above discussions, we have known that a uniformly moving charged particle though
an invisibility cloak will generate radiation because the particle is moving nonuniformly
in the virtual electromagnetic space. In this section we calculate the radiation directly in
the physical space. For a fast-moving charge ¢ with velocity v in 2 direction along the
line of £ = xy and y = yy, we can write down the expression for its current as J(r) =
2qud(z — x0)0(y — ¥o)d(z — vt), as we have shown at the end of Section 4.1.

In order to take into account of the dimension of the charge, we replace 6(z — vt) by
a Gaussian function #ﬁe‘(z‘vt)z/ (20*) while §(x — zo)d(y — o) is kept. Therefore the

current now is

T 1 2 2
J _,t =2 6 — 6 — —(z—vt)?/(20%) 419
(7, t) = Zqué(z — z0)d(y yo)o o (4.19)

It is similar to the case that a bunch of electrons are shot along the same line and are moving
together. Or we can treat it as a small segment of an electron beam. In practice, this kind
of electron bunching has been used in studying Cerenkov radiation {68]. When o = 0, the
Gaussian function returns to a delta function.
We first Fourier transform the time varing current into frequency domain, as follows
T

JF) = > J(7,t)e™tdt (4.20)

= 2%(5(.@ _ mo)a(y _ yo)e*02w2/2v2eiwz/v

where we decompose the original time-varying current into a lot of time-harmonic current
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line sources, each havings its own frequency. For each time-harmonic current line source,
the field distribution can be solved utilizing the dyadic Green function derived in last sec-
tion. Therefore, through inverse Fourier transformation, the response of the cloak due a
fast-moving charged particle going through can be solved. In the following, the detailed
calculation procedure will be shown.

We first perform a simple manipulation to the time-harmonic current source as follows,

J(F) = 2%6(3: — 20)8(y — yo)e W1 gy

_52,,2/9.2
otw?[2v ezwz/v(

—5253(@ — 20)d(y — wo)e u(z — 21) — u(z — 2))

+2%6(w — 20)8(y — yo)e T e (u(z — z1) — u(z — 23)) (4.21)

where u(z) is the step function and 2; and z; correspond to the end points between which
the segment of the line source complely lies inside the cloak. This seemingly trivial step is
in fact very important to the calculation. The first two terms on the right side of the equal
sign in the above equation corresponds to the current line source after cutting the segment
inside the cloak. The last term is the true segment inside the cloak. The first two terms
can be treated as they are in free space while the last term must involve the dyadic Green
function we derived in last section.

Now we deal with the first source term at the right side of the equal sign in Eq. (4.21).

The electric field in free space due to this source term satisfies the following equation,

02W2

V xV x E(F) — KSE(F) = 2%5(3: — 20)8(y — yo)e” BT eiv? (4.22)

By shifting the z axis to the line of z = zy and y = yo and establishing a new cylindrical

coordinate system (pp, ¢p, z), We can easily obtain the solution as

- P w . tw
B(F) = —g——e 2% & {2k — (2))H  (kpp) — pkoHi (ppp)}  (4.23)

8mweg

where Hél) and H fl) are Hankel functions of the first kind to the zeroth order and first
order, respectively. The relation that Hél)’ () =-H 1(1)(1:) is used in the derivation.

The second source term on the right side of the equal sign in Eq. (4.21) is a finite

103



segment. We use the well-known dyadic Green function in free space,

- ) , ezkg[r 7|
E(F) = iwp (I+ VV) ///dV y—— (4.24)

The integration can be done numerically. We cut the segment between z; and z; into N
small pieces. By denoting z, =  — %o, yp = ¥y — Yo and r, = |F — 7|, we can evaluate the

electric field as

N . )
=i iwpelb(z,) [. [ 1 i1
B(r) = Z 47 ‘ * korZ,  kgr3,

n=1 Ton pr
2
LTt (Ko Biky 3
T2 -3 4 5
0 pn pn pn
2 .
+hy,mzpn B ks B 3ikg L3 3
Y= 73 ra 5
0 pn pn pn
2 .
L Zpn 2 k 3iky 3 )
L 3imim (—TO ik 3 )] giboren 4.25)
kO Tpn Tpn rpn

where
22— 2

N

q 7:72w2 i,
I(zpn) = 5 ¢ T gl En (4.26)

Subtracting Eq. (4.25) from Eq. (4.23), the electric fields due to the current line source
after cutting the segment inside the cloak can be obtained. Here we need to mention that
the fields we calculated are in free space. Since it has been proved that when the source
is outside of a cloak, the electric field inside the cloak can be obtained by the coordinate
transformation directly, the true fields inside the cloak layer due to the current line source

after cutting the segment inside the cloak are obtained from transformation.

The last source term is dealt with by Eq. (4.18). Then the total fields generated by
the complete time-harmonic line source are obtained by combining all the source terms’
contributions. In order to get the fields in time domain, we still need to do the inverse

Fourier transform.
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According to the inverse Fourier transform, the fields in time domain are

E(Ft) = [ :dwE(F)e“'“’t

2R { / ” dwE(F)ei‘”t} (4.27)
0

and
H(Ft) = 2R { / dwﬁ(?)e—‘wt} (4.28)
0
Therefore, the total energy radiated out through an imaginary sphere with radius 7 is

27 T 00
W = / / 2 sin fdfd¢ - / dtE(7,t) x H(T,t) - 7
0 0 —00

27 g o0
= / / r? sin 8d0d¢ / dt
0o Jo —%0

{2 /0 dw [ERe cos(wt) + By sin(wt)]

x2 / dw' [HRe cos(w't) + Him Sin(wlt)] } -
0

2 g Rad
= / / 2 sin 0dfd¢ - 47r/ dw (ERe X Hpe + Eim X Him) -7 (4.29)
o Jo 0

where the subscripts of Re and Im denote the real part and the imaginary part of corre-
sponding vectors, respectively.
The energy radiated per unit frequency is

aw

27 ™
- = / / r?sin 0d6dg - 47 (Ere X Hre + Bt X Him) -7 (4.30)
0 0

4.4 Radiation process

In this section we are concerned with demonstrating the physical radiation process. Before
we start, we classify all kinds of possible radiations that will appear in our discussion.

For a uniformly moving charged particle, Cerenkov radiation will occur if the velocity of
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the particle is larger than the phase velocity of light inside the medium. In addition, if
the particle is moving through inhomogeneous media, transition radiation will occur at the
interface and inside the media, and there is no threshold for the particle’s velocity. For
a nonuniformly moving charged particle in isotropic media, there are some other kinds
of radiation besides Cerenkov radiation. The Bremsstrahlung occurs when the particle’s
acceleration is parallel with its velocity. Synchrotron radiation occurs when the acceleration

of the particle is perpendicular with its velocity.

The cloak we choose is a spherical cloak with inner radius R; = 1pm and outer radius
R; = 2um. The constitutive parameters inside the cloak layer satisfy the relations that
§=¢ 7 +6,00 + ethS(;AS and i = u, 77 + utéé + ptngg, where ¢; = eom—’sz—l, € = etg#,
Wt = o f}’ﬁ:, and u, = uttrf—‘ﬁ. The particle’s velocity is fixed at v = 0.9¢, where ¢
is the speed of light in free space. The parameter ¢ in the Gaussian distribution function
of the current description is chosen to be 0 = 0.05pum. The total charge q is set to be the

equivalence of 1000 electrons.

In the physical space, the charged particle is moving uniformly. In the virtual space, as
shown in Fig. 4-1(b), the charged particle is doing an nonuniform motion. We first plot the
radiation process in the physical space as shown in Fig. 4-2. We can divide the radiation
process into two stages, one for ¢ < 0 and the other for ¢t > 0, if we specify that when ¢ = 0,
the particle is located in the middle of its trajectory, i.e. at ((R; + R3)/2,0,0) (point B in
Fig. 4-1). We can see that in the beginning at ¢ = —7 fs, the charged particle is approaching
the cloak but is still outside. There is no radiation generated. As the particle enters into the
cloak, some radiation is generated. Att = 0 fs, the charged particle is located at point B.
It is interesting to see that the wave front has already passed the particle and is propagating
away, meaning that the first stage of radiation generation has finished. At ¢t = 3 fs, the
radiation generated in the first stage has completely separated from the charged particle.
However, the charged particle starts to generate another radiation, meaning the second
stage of radiation generation has started. Att = 7 fs, the charged particle has come out
from the cloak, so the second stage of radiation generation has finished too. It is seen that at
t = 7 fs, the radiation from the second stage is composed of two particular shapes. One is a

rough shape of a cone while the other is like a circle. At¢ = 11 fs, all radiations propagate
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away from the cloak and are separated from the charged particle.

We can explain the above process by comparing the motion in the physical space and
that in the virtual space. When the particle enters the cloak, its velocity in the virtual space
in Fig. 4-1(b) has an abrupt change at point A, which will generate some radiation in virtual
space. This radiation corresponds to the transition radiation occurs at the incident point at
the outer boundary of the cloak in physical space (point A in Fig. 4-1(a)). Similarly, when
the particle comes out at the other side of the cloak, another abrupt velocity change occurs
in the virtual space (point C in Fig. 4-1(b)), which corresponds to the transition radiation
occurred at the emitting point at the outer boundary of the cloak in physical space (point C
in Fig. 4-1(a)). During the motion of the particle inside the cloak in the physical space (seg-
ment AC in Fig. 4-1(a)), it keeps on generating transition radiation due the inhomogeneity
and anisotropy of the cloak materials. Regarding its motion in the virtual space (curved
segment ABC in Fig. 4-1(b)), it can be mainly divided into two parts—motion along AB
and motion AC, corresponding to the two radiation stages. During the motion process, the
particle’s velocity keeps on changing the direction as well as the absolute velocity value,
which gives rise to Bremsstrahlung and synchrotron radiation due to the acceleration. An-
other kind of radiation that exists in the regions close to the outer boundary of the cloak
in the model we use here (close to A or C in both Fig. 4-1(a) and (b)), is the Cerenkov
radiation when the velocity of the particle is larger than the speed of light.

It is easier to examine the velocity difference between the light and the charged particle
in the virtual space since in the virtual space, the light propagates with c everywhere and
the particle’s velocity is scaled accordingly. When the particle enters the cloak in the vir-
tual space (point A in Fig. 4-1(b)), it actually generates two radiations, one due to abrupt
velocity change at point A the other due to its motion within the cloak near point A. The
corresponding radiations in the physical space are those as follows. One is the transition
radiation due to the impinging of the particle on the outer boundary and the other is the
transition radiation from the particle’s motion inside the inhomogeneous medium near the
outer boundary. In either physical or virtual space, it is difficult to distinguish these two
radiations since they start at the same time when the particle enters the cloak. When the

particle moves close to point B in the virtual space (Fig. 4-1(b)), its velocity in the virtual
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Figure 4-2: Intensity of |E£(7, )| during the radiation process of a charged particle going
through a spherical invisibility cloak. The dotted line represents the trajectory of the parti-
cle. The small arrow indicates the exact position of the particle’s center along its trajectory.
The inner radius and outer radius of the cloak are 1um and 2um, respectively. Net charge
amount is equal to 1000 electrons. v = 0.9c¢.
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space slows down compared to the speed of light. Thus the light from the first radiation
stage has chance to catch up and overtake the particle. In our calculated case, when the
particle is close to point B, the radiation generated by this particle at this moment is quite
small because of its small velocity in the virtual space. After the particle leaves point B,
the particle in the virtual space is accelerating. When its velocity gets higher, it is able
to generate obvious radiation, the radiation in the second stage. The radiation generated
along the segment BC in virtual space is very similar to the previous studies on acceler-
ating charges [71]. An important point is that when the velocity is increased to be large
enough (in the regions close to point A in the model used here), the Cerenkov radiation
will occur and contribute to the total radiation [71]. It is interesting to see that when the
particle comes out, the radiation from the second stage exhibits two different shapes. The
rough shape of a cone is the transmission of radiation generated along the segment BC in
the virtual space before hitting point C. The circle-like shape is the radiation due to the
abrupt velocity change at point C. Because this abrupt velocity change only occurs at one
point, the radiation is basically a spherical wave, and thus form a circle-like wave front.
The reason these two shapes of radiation are distinguishable is because they start at differ-
ent times. The shape similar to a cone is formed earlier than the circle-like radiation. At
the incident point A, two similar radiations exist too, but they start at the same time and

their wave fronts are mixed together.

Since the impinging only happens at one point, the radiation it generated must similar
to a spherical wave. However, the other branch of the second radiation is from the previous
motions of the particle inside the cloak and it is just transmitted across the outer boundary.
Therefore it still keeps that shape of a rough cone. Consequently, we see two branches in
the second radiation while we did not see in the first radiation an obvious distinguishability
between the radiation due to the impinging and the radiation due to the motion inside the
cloak. This is because they start at the same time when the particle enters into the cloak,

being mixed with each other.

The total radiated energy can be calculated to be 2.89 x 1074 J. In Fig. 4-3, we plot the
frequency spectrum of the radiated energy. It is shown that the bandwidth of the radiation

is generally broad-band and can be further controlled by the parameter of Gaussian dis-

109



X 10-29

Energy (J) per Hz

0.5f

0 1 I i h
0 500 1000 1500 2000 2500 3000 3500
THz

Figure 4-3: Frequency spectrum of the radiated energy from the fast-moving charged par-
ticle through the invisibility cloak. The inner radius and outer radius of the cloak are 1pm
and 2pm, respectively. Net charge amount is equal to 1000 electrons. v = 0.9c.
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Figure 4-4: Spatial radiation pattern at 500 THz by the fast-moving charged particle
through the invisibility cloak. The inner radius and outer radius of the cloak are 1pm
and 2um, respectively. Net charge amount is equal to 1000 electrons. v = 0.9¢c.
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tribution. The energy distribution in frequency domain increases in the beginning, which
is similar to the radiation caused by a single electron going through a typical medium,
while the energy distribution goes down when the frequency is high, which is because the
Gaussian shape of the charge profile has determined the concentration of most frequency
components over the low frequency part. It can be shown that, over the frequency range
from 500 THz to 501 THz, each of this charge package of 1000 electrons will generate
radiation energy equal to about 78 photons. The radiation pattern at 500 THz is shown in
Fig. 4-4. So the radiation energy with amount of about 78 photons within 500 THz and 501

THz is distributed roughly according to the pattern in Fig. 4-4.

4.5 Summary

This chapter is devoted to the radiation generated by a fast-moving charged particle through
a spherical invisibility cloak with uniform velocity. The reason of radiation is ascribed to
the nonuniform motion in the virtual electromagnetic space. The transition radiations that
occur at the incident spot and emitting spot when the particle enters and leaves the cloak
correspond to the abrupt velocity changes at the corresponding points in the virtual space.
The transition radiation during the piercing process corresponds to the deceleration and
acceleration radiations (Bremsstrahlung) and synchrotron radiation in the virtual space. In
addition, in regions where the particle’s velocity is large enough, the Cerenkov radiation
will also occur. The total radiated energy, the frequency spectrum and the radiation pattern
at a particular frequency are provided. Based on the results in this chapter, we claim that
an invisibility cloak can be detected by simply using an electron gun to shoot electrons

through the invisibility cloak.
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Chapter 5

Practical Implementation of Invisibility

Cloaks

There have been a lot of practical designs of invisibility cloaks proposed to work at dif-
ferent frequencies [3, 4, 5, 27, 28, 32] and experiments using different metamaterial struc-
tures [6, 60, 72, 73]. However, due to the lack of appropriate methods to model and evaluate
the performance of a practical cloak, the design procedures in previous studies were very
inefficient.

This chapter is concerned with the practical implementations through accurate electro-
magnetic modeling. The inhomogeneous simplified cloaks are discussed. The focus is on
the potential improvements and simplifications of constructing a metamaterial based invis-
ibility cloak. Finally, we suggest to use only a few homogenous metamaterial layers to
construct a practical cloak with satisfying performance at normal incidence and oblique

incidence.

5.1 Inhomogeneous cloaks with simplified parameters

To construct a perfect cloak is very difficult due to its stringent conditions on constitu-
tive parameters of tensor forms. In studies of the transformation-based invisibility cloaks,
simplified cylindrical cloaks for normally incident waves with only one polarization are

often used in experimental demonstration [6], simulations [3, 74], and other practical de-
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signs [4, 5, 26, 27, 31, 75]. However, the scattering evaluation at normal incidence is not
sufficient to describe the full performance of such simplified cloaks. Furthermore, scat-
tering results for normal incidence were obtained only semi-analytically from simulation
tools [25, 29] by coefficient fitting with simulated field patterns, being neither convenient
nor strict. Therefore, a fully analytic method to evaluate the performance of simplified
cylindrical cloaks at both normal and oblique incidences is needed in designing invisibility

cloaks.

Overall, previous studies on simplified cloaks are not complete due to the lack of an-
alytic tools. For example, the main reasons for scattering from a simplified cloak are the
mismatches at the outer and inner boundaries. There were studies on the mismatch at the
outer boundary that showed that impedance matching at the outer boundary applied by a
high-order quadratic transformation in Refs. [4, 29] is able to decrease the scattering effi-

ciently, while there is little study on the mismatch at the inner boundary.

5.1.1 Analytic scattering analysis using state-variable approach

The configuration of scattering from a cylindrical cloak with outer radius R, and inner
radius R; follows that in Fig. 2-3 where a time harmonic plane wave E;, = (0:Ey; +
fziEhi)eiE"F is incident with k; = &k, + 2k, k2 = w?poeo, h; = Iz%::_l and 9; = h; x k;. In
this section we focus on incident waves with vertical polarization, i.e. Ep; = 0 while our
method can also be applied to horizontal polarization. Another point here is that the cloak
layer between R; and R, with permittivity tensor € = €,p + €¢¢A5QZ7 + €, 2% and permeability
tensor i = p,pp+ u¢q3¢3+ 1,22 is a simplified cylindrical cloak. Without loss of generality,
we assume that the concealed region of p < R; is a PEC. We denote o = 7/2 — 6; as the
incident angle such that o = 0 corresponds to the normal incidence.

In the region of p > R,, we use scalar potentials 1%.,, and 17 to describe the TE®
and TM? harmonic cylindrical waves [23], as we did in Section 2.1.2. The difficulty of
the current problem is that the wave function inside the cloak has no closed-form solution.

Instead of resorting to commercial simulation softwares, we derive the state propagator

matrix in the cloak shell using state-variable approach [41] in the following to handle this
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difficulty. We denote E = _E'_,, +F,and H = F,, + H,, where F,, and H,, are components

parallel to  while E, and H, are components perpendicular to p, and Vx = V, x +V,x,

where
-8 b
0 3 0% 0 O
VX = g_z 0 0 |andV,x=[0 0
-8 a

Faraday’s law and Ampere’s law can be written as

Vp X Es + vs X EP = Zw(“(ﬁd;q; + “222) ’ Fs

V, x E, =iwp,H,

V,x H,

+ V, X ﬁp = —iw(e¢$¢3 + Ezéé) : Es
Vs

x H, = —iwe, E,

é.1n

(5.2)

(5.3)

Noting that for harmonic cylindrical waves of order n, the field has e® and e**+* de-

pendencies, hence the state transfer equation can be deduced after eliminating £, and H,

in Egs. (5.2) and (5.3) as follows:

E,
0 | b
adp H,
H,
__ink
0 0 w_Lep s
1 ; __in?
0 -2 Whe = oo
dnkg Wey — A 0
Witpp Witp
. in? ink
— € LT A
| "W + whop? Wi 0

—iwpe +

wnky
wepp

0

1
P

k2 |

uthe-
wep

(5.4)

Here another assumption that all the constitutive parameters are functions of only p is used.

We let the state function be the four-dimensional vector of V = [E, E, H, Hy|" and

denote the matrix in Eq. (5.4) as T. We cut the cloak shell between p=Riand p = R,
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Figure 5-1: Normalized scattering cross section Qgcat (normalized to 2R5) from an ideal
cylindrical invisibility cloak whose inner boundary is set at Ry + 0. ¢ = 0.01Ry. Ry =

into NV layers, each of which has thickness of Ap. It follows from Eq. (5.4) that

<l

V(pjs1) — Vips) = DT (p) - Vipy) (5.5)

Subsequently,

N
H T+ ApT(p;)| - V(Ry) (5.6)

By choosing a sufficiently large N and matching the boundary conditions at p = R; and

p = Ry, we are able to solve the field solution for various cylindrical cloaks with continu-
ously varying parameters.
In order to validate this algorithm, we first study the scattering from an ideal cylindrical

cloak whose closed-form solution for arbitrary incident angle has been derived in Section

2.1.2. The constitutive parameters for an ideal 2D cylindrical cloak satisfy the relation that

e/e0 = Hp/to = (p — R1)/p, €s/€0 = pg/to = p/(p — R1), and €:/€0 = pi=/pto =
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[R2/(R2.— R1))*(p — R1)/p I3, 6]. Since constitutive parameters of infinite values at the
inner boundary of p = R, are unachievable in practice, we peel a part of the cloak close to
the inner boundary, i.e., to set the inner boundary at p = R; + §, where 6 = 0.01R;,
without changing constitutive parameters otherwhere. In Fig. 5-1 we plot the normal-

e l asz

n=—00

ized scattering cross section Qe = 2wn, cos o/ [(E2 + E2)Ry) - {1/e1 Y
L D00 |a5LM )|2} [23] of this ideal but perturbated cylindrical cloak. It can be seen
that the current algorithm provides strict results. In addition, it is interesting to see that
the horizontal polarization has almost zero scattering. As we have discussed in Section
2.1.2, the surface currents at the inner boundary of a perfect cylindrical cloak is important
to prevent waves from coming into the concealed region and being scattered. Obviously, by
peering a small part from the inner boundary, these surface currents do not exist any more.
However, for horizontal polarization, the PEC core happens to provide the electric surface

current which is necessary for the perfect cloaking. Therefore, little scattering is caused for

horizontal polarization.

5.1.2 Influence of nonlinear transformation

Physical Space

p
R i Square root transformation
2t
R4 Phe Linear transformation
o - Quadratic transformation
0 ' - P
R2 Virtual Space

Figure 5-2: Different transformations in cylindrical coordinates to construct cylindrical
cloaks. Linear transformation: p = R; + (R2 — R1)p'/ Rz [2, 3]. Quadratic transformation:
p=[l—-Ri/R:+ (0 — Ro)Ri/R3]p’ + Ry [4, 5]. Square root transformation: p =
Rl + (R2 - Rl)\/p’/Rz.

The original model proposed in Ref. [2] and implemented in Ref. [6] were gener-
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ated from linear transformation. Yet we can use different kinds of transformations to
construct cloaks and compare their performances using our analytic algorithm. Now we
consider different transformations from virtual space o' to physical space p as follows:
linear transformation as p = R, + (Ry — R1)p'/ Rz [2, 3]; quadratic transformation as
p=[1-Ry/Ry + (f — R2)Ri/R%p + Ry [4, 5); and square root transformation as
p=R+ (R — Rl)m. The linear transformation allows the formation of virtual
space within physical space, which is compressed linearly in the radial direction during the
process. In the quadratic transformation, such compression is denser near the inner bound-
ary. In the square root transformation, such compression is denser near the outer boundary.
They can form different simplified cylindrical cloaks: (a) Linear simplified cloak [3, 6, 25]
with €, = €o[Ra/(Rz2 — R1)]% 1, = po[(p — R1)/p)* and pg = pio; (b) Impedance matched
linear simplified cloak [29] with e, = egRa/(R2— R1), i, = poRa2/(R2— R1)[(p— R1)/p)?
and py = poRa/(R2 — R1); (c) Impedance matched quadratic simplified cloak [4, 5] with
€. = €o/[2R1p'/R3—2R1/ Ro+1), 1, = po(p'/p)*[2R1p' | R3—2R1 [ Ry +1]% and g = pto;
and (d) Impedance matched square root simplified cloak with €, = €92Ry(p — R1)?/(Rs —
R1)3, u, = woRa(p — R1)%/[2(Ry — R1)p?| and py = po2R2/(R2 — R,). Note that (a) and
(b) are both from linear transformation and (b), (c) and (d) have matched impedance at the

outer boundary [4, 5, 29].

Figure 5-3 shows the electric field distribution in zy plane of different simplified cylin-
drical cloaks illuminated by a normally incident plane wave with vertical polarization. In
the region of p > R, only the scattered field is plotted. In Fig. 5-3(a), the linear simplified
cloak has some intrinsic scattering [25], especially in the backward direction due to the
impedance mismatch at the outer boundary. From Fig. 5-3(a) to Fig. 5-3(b), the field pat-
tern inside the cloak shell (the bending effect of waves) does not change much, since these
two cases are both from linear transformation. However, the scattered field (normalized
scattering cross section Q.. [23]) is reduced significantly because the impedance at the
outer boundary has been matched. The ring-like scattered field pattern is mainly from the
zeroth order scattering [23, 25], which is impossible to be completely eliminated by sim-
plified cloaks due to the lack of surface magnetic current in this case [23, 45]. When the

waves reach the inner boundary, instead of inducing magnetic current along (ZS direction in
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Figure 5-3: Electric field distribution of different simplified cylindrical cloaks illuminated
by a vertically polarized and normally incident plane wave. Only scattered field is plotted
outside of the cloak. Ry, = 1.5\ = 2.08R;. (a) Linear simplified cloak; (b) Impedance
matched linear simplified cloak; (c) Impedance matched quadratic simplified cloak; (d)
Impedance matched square root simplified cloak. From (a) to (d), the normalized scattering
cross section (normalized to 2Ry) is 0.299, 0.125, 0.360 and 0.034, respectively.

the case of an ideal cylindrical cloak [23, 45], they induce electric current along Z direction
on the surface of PEC core which reradiates and contributes to scattering. From Fig. 5-
3(b) to Fig. 5-3(c), the impedance at the outer boundary stays matched, but the quadratic
transformation in Fig. 5-3(c) forces most waves to be bent close to the inner boundary.
Thus, more energy of the incident waves is blocked by the PEC core in Fig. 5-3(c) than in
Fig. 5-3(b), forming a shadow behind the cloak characterized by a strong forward scatter-
ing as shown in Fig. 5-3(c). It is worth noting that the normalized scattering cross section
in Fig. 5-3(c) is even larger than that in Fig. 5-3(a). This result does not contradict with
that in Ref. [4], since in the case studied in Ref. [4], the surface electric current on the

PEC core happens to be helpful for cbmplete cloaking [23, 45]. In Fig. 5-3(d), the square
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root transformation forces most waves to be bent away from the inner boundary and thus
produces a very small scattering cross section. Figure 5-4 shows the far-field differential
normalized scattering cross section [23] of cases (a) to (d) in Fig. 5-3. It can be seen that all
the simplified cloaks having matched impedance at the outer boundary are able to suppress
the backward scattering efficiently. But the impedance matched quadratic simplified cloak
has so large forward scattering which leads to an even larger total scattering cross section,
while the impedance matched square root simplified cloak is able to suppress both back-
ward and forward scattering, which therefore results in the smallest total scattering cross

section.
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Figure 5-4: Comparison of the far-field differential normalized scattering cross sections of
different simplified cylindrical cloaks illuminated by a vertically polarized and normally
incident plane wave. Ry = 1.5)¢ = 2.08R;.

5.1.3 Performance with oblique incidence

We can further calculate the scattering at nonnormal incidences. For each simplified cloak,
since only €., p1, and pg are specified, we require that 1, /py = €,/€p, €,/€0 = 1,/ 1o
and €4/€g = g/ o for the purpose of demonstration. As shown in Fig. 5-5, the reduced

scattering cross section can only be achieved within a limited range of incident angles, be-
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yond which the scattering is even larger than a bare PEC without any cloak. This result is
reasonable since the simplified cloaks are all designed for only normal incidence while the
scattering performance at other incident angles has not been considered. Therefore it can
be expected that as the incident angle increases, the scattering will increase. But an im-
portant question is what is the critical incident angle beyond which a simplified invisibility
cloak no longer makes an object “invisible” but makes it even more “visible”. Obviously,
this critical incident angle is of great importance in practical applications of simplified

invisibility cloaks.

3.5 T r r T r T T
Linear simplified cloak
3l - Matched quadratic simplified cloak -
+ - Matched linear simplified cloak -
251 *  Matched square root simplified cloak :
’ = = = Bare PEC without any cloak il

Normalized Scattering Cross Section
s
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Figure 5-5: Dependance of normalized scattering cross sectioin (normalized to 2R,) on
incident angles for different simplified cloaks. Ry = 1.5y = 2.08R;.

5.2 Multi-layered cloaks with homogeneous anisotropic lay-
ers

The difficulty in constructing a perfect invisibility cloak is the requirement of continuously
varying inhomogeneity and high anisotropy with extreme constitutive parameters. We have
known from last section that simplified parameters based on the coordinate transformation

can be utilized to facilitate the physical realization [3, 6, 27], in expense of the inherent
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scattering [25]. However this simplification still has not brought much convenience to
practical construction using metamaterial structures. A feasible way to construct a cloak in
reality is to use multi-layered structures to approximate the spatially changing constitutive
parameters. The first sample of cylindrical cloak was created using multi-layered meta-
materials [6]. Bi-layered isotropic media was also proposed for achieving the effective
anisotropy [26], but a lot of thin layers are needed which increases the construction com-
plexity. Moreover, the transformation theory did not predict the performance of a practical
construction composed of discontinuous layers of homogeneous anisotropic metamateri-
als. Therefore, it is very necessary to provide a better way to design a practical cloak with

satisfying performance.

Here by utilizing the analytic scattering model of a multi-layered cylindrical cloak and
utilizing genetic optimization, we are able to show that, although only a few layers of
anisotropic materials are used, an optimized multi-layered invisibility cloak with almost

zero scattering can still be achieved

5.2.1 Analytic formalism at normal incidence

In order to get the exact behavior of a multi-layered cloak, the analytical model of a cylin-
drical cloak created with multi-layered anisotropic materials needs to be studied. We use a
cylindrical cloak as an example. Without loss of generality, the case of a vertically polar-
ized (E field parallel with z axis) plane wave with unit magnitude normally incident onto
an M-layer cylindrical cloak (from region 1 to M) is considered, as shown in Fig. 5-6.
The case of horizontal polarization can be analyzed similarly. The radii of the boundaries
of different layers within the cloak are denoted by R™ (m = 0,1,--- , M). The relative
constitutive parameters in region m are assumed to be constants denoted by ft,m, ftgm and
€.m While the region m = 0 is assumed to be free space and there is a thin PEC coating
on the boundary between region M and region M + 1. Any object inside region M + 1 is
guaranteed to be untouched from external electromagnetic waves due to the PEC coating.

The remaining task is to minimize the scattering from the whole structure.
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Region O

PEC coating

Figure 5-6: Configuration of a multi-layered cylindrical cloak with each layer being
anisotropic and homogeneous.

The electric fields E,,, in the region m satisfy the following equation,

10 ( p aEzm) 10 ( 1 aEzm> 0
—_— e +'—_ — +k 6sz‘zm=0 (57
pOp (um Op p? 0 \ prpm 00 ’ )

By applying the method of separation of variables, the general expression for the electric

fields in region m can be expressed as

o0

Eom = Z Amn (Jumn(kmp) + Fm(m+1)nH5,1n)n (ka)) ei"¢ (5.8)

It=-—00

where vy, = 1/ tigm/ phym and the wave number in region m is k,, = ko\/E;mbgm. Dif-

ferent from the isotropic layered case, here v, is a fraction. Symbols of J,, , and H,E,ln)n
represent the v,,,,th order Bessel function and the vy,,,th order Hankel function of the first
kind, respectively. Besides, a,, is the unknown coefficient and 7y, (;m41). is the general
scattering coefficient from the boundary R,, if we treat the Bessel function as the incident
wave and the Hankel function as the reflected wave. When a wave is incident from re-
gion m onto the the boundary R,,, the direct reflection coefficient is Tmmi1)n = (5'51 —
N/ Mms1J51) /(= 51+ /Mm+1hJ1 ), and the direct transmission coefficient is ¢ (my1)n =

_Qi/(ﬂkam)/(_hljl + 7’m/’7m+lhj;)‘ Here .7 = Jvmn(ka'm), jl = J;;m"(kam),
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31 = Jomsn (k1B 3t = Joy o (Bt Ren)s b = Hyp (ki Ron), W = H,, _ (KnRon),
hy = Hy, .y, (Bmi1Bm), B = Hy | (Km41Rm), a0d N = \/ligm/€om. Similarly, for
an outgoing wave the direct reflection and transmission coefficients on R™ are T(m41)mn =
(hih = Dmir/Tmhah) /(= 51h + Nma1 /Mmdih') and tmitymn = 20/ (Tkm i1 Rim) /(=1 +
Nm+1/Mmi1h’). Therefore, the scattering coefficient in layer m (m=0, 1, ..., M-1) can be

written as [41]
fm(mi-l)n = Tm(m+1)n + E(m+1)mn (5.9)

where (i 1ymn = tm(ma)nt(maD)mnl (m+1)m+2)n/ (1 = Tm+1)mnT(m+1)(m+2)n) TEPESENtS
the wave coming out from R,, due to the multiple reflections and transmissions on the
boundaries inside R(™. At R™) (i.e. Ry), Fumstyn = —Jopgn (kv Ras)/Hopgo (knt Rat),
therefore all the 7 (m41). can be derived using Eq. (5.9), and a,,, can also be derived
by matching the boundary conditions. The coefficients of the scattering fields in region 0
are by, = ag,To1,- Based on the cylindrical scattering model, the far-field total scattering
efficiency or the scattering cross section normalized by the geometrical cross section for

the multilayered cylindrical cloak is obtained as

2 & 9
=2 Bo, 1
Qscat le Z ‘ 0 l (5 0)

n=-00

In practice, the ideal parameters obtained from the transformation method need to be
discretized for realization, which will destroy the perfect invisibility of the cloak. Using the
proposed method, such effects of descretization and simplification of the transformation-
based cloak can be quantitatively analyzed. For example, Schurig et al. proposed a 10-
layer simplified cloak with s, = 1 for the experiment [6], in which the copper cylinder
core with radius 0.709)\ is coated by a multilayered cloak with inner radius 0.768 ¢ and
outer radius 1.670)y. Utilizing the parameters including the losses in the metamaterials in
Ref. [6], and assuming the core to be PEC for convenience, for the normal incidence of
a vertically polarized plane wave, the near field distributions can be calculated using our

method. For example, Fig. 5-7 shows the electric field distribution of the case studied in
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Figure 5-7: E, field distribution for a vertically polarized (electric field perpendicular with
the zy plane) plane wave incident from left to right onto the 10-layer cloak proposed in
Ref. [6].

the previous experiment. Our analytical model shows some qualitative agreement with the
experimental field distribution shown in [6], where both reduced forward scattering and

reduced backward scattering can be observed.

5.2.2 Genetic optimization of a cloak at normal incidence

Genetic algorithm is a widely used optimization method in engineering and science that
enables the individuals of candidate solutions to an optimization problem evolve to better
solutions [76]. In genetic algorithm, all input variables are encoded as chromosomes. A
population of chromosomes of candidate solutions are generated in the beginning and then
evolve from generation to generation. In each generation, the fitness of every individual in

the population is evaluated, based on which better individuals are selected from the current
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Figure 5-8: Flow chart of genetic algorithm.

population, and modified (crossover and mutation) to form a new population. The new
population is then used in the next iteration of the algorithm. The whole procedure is as
shown in Fig. 5-8. Commonly, the algorithm terminates when either a maximum number
of generations has been produced, or a satisfactory fitness level has been reached for the
population. Here our criterion of terminating the algorithm is that the best fitness of the

population doe not change in a round of 30 generations.

In this section we will show that our proposed method can realize a general multi-
layered cloak without following the ideal transformation parameters, but still possess-
ing a satisfying performance. Meanwhile, the extreme values exist in a conventional
transformation-based cloak can be avoided. In applying the genetic algorithms, the in-
ner radius of the cloak is fixed and the chromosome is a string of Os and 1s represent-
ing a set of constitutive parameters of each layer and the outer radius in the form of
{€215 o1y Bt -oor €20, Bph s B s R©}. The value of each parameter is determined by a

linear mapping from the integer denoted by the binary number to the search space. The
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Optimized cloak TB full parameter cloak

layer | p,  pg € n/mo | Ko e € 1/
1 [0674 2.002 3.384 0.769 | 0.186 5.391 4.349 1.113
2 10.057 5.001 7.258 0.830 | 0.140 7.147 3.280 1.476
3 |0.151 6.836 3.532 1.391 | 0.089 11.245 2.085 2.322
4 10010 7.508 7.008 1.0350.032 31.735 0.739 6.551

Table 5.1: The relative constitutive parameters for the optimized 4-layer cloak and the
transformation-based (TB) full parameter 4-layer cloak.

thickness of each layer is set to be identical and can also be considered as an optimization
input. The fitness of an individual is chosen to be 1 / Qscat, Where Queqt is the total scattering
of this individual shown by Eq. (5.10). After making use of the roulette wheel selection,
in which individuals with larger fitness have larger chance of going forward to the next
generation, setting the single point crossover probability and the mutation probability to be
0.6 and 0.05, respectively, and ensuring that the fittest individual is able to propagate to the
next generation, evolution is carried out and optimization is obtained finally.

Since it is much easier to create a cloak with only a few layers of matematerials, we
consider the 4-layer cloak as an example. The inner radius of the cloak is RW = 0.709),,
the same as the size of the copper cylinder used in previous experiment [6]. Taking into
account the practical constraints on the constitutive parameters of the metamaterials, the
search space of all the relative constitutive parameters is between 0.01 and 8. The outer ra-
dius R is set between 0.8 and 1.67 ). Using our proposed method, we design a 4-layer
optimized cloak with outer radius 0.894)¢ and with the parameters shown in Table 5.1.
Figure 5-9 shows the calculated electric field distribution when a vertically polarized plane
wave normally incident from left to right onto the optimized cloak. It is shown that in the
near-field region of the cloak, the incident electric fields remain almost unperturbed.

Figure 5-10 shows the far-field differential normalized scattering cross sections when
a vertically polarized plane wave normally incident onto different types of cloaks. When
there is only a bared PEC cylinder with radius 0.709), the differential scattering cross
section is shown by the solid line in Fig. 5-10, and the total scattering Qscat (normalized
to 2R,) is found to be 2.19. For Schurig’s cloak (dashed line), the forward and backward
scattering have been reduced by about 4.8dB and 4.1dB, respectively, and its Qy.qt is 0.49.
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| Ez(V/m)

Figure 5-9: Electric field distributions for a plane wave incident from left to right onto the
optimized 4-layer cylindrical cloak. The total normalized scattering cross section (normal-
ized to 2R;) is 0.0039.
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Figure 5-10: Comparison of the differential normalized cross sections when a vertically
polarized plane wave normally incident on to the PEC cylinder without cloak (solid), the
PEC cylinder with the cloak proposed in Ref. [6] (dash), a 4-layer transformation-based
(TB) full parameter cloak (dash dot), and the optimized 4-layer cloak (dot).

For comparison, we use a transformation-based full parameter cloak, whose dimensions are
the same as the optimized cloak but with parameters of each layer obtained from sampling
the ideal inhomogeneous parameters at the center of each layer, as indicated in Table 5.1.
Its differential normalized scattering cross section (dash doted line) is shown and its Qcat
is 0.11. When the optimized cloak is used (dotted line), more than 20dB improvement is

achieved in all different angles and Q.. is greatly reduced to be 0.0039.

It is interesting to see from Table 5.1 that the optimized parameters are quite different
from the parameters obtained by the coordinate transformation theory. Taking the ¢ com-
ponent as an example, as shown in Table 5.1, the value of relative permeability in the most
inner layer is optimized to be 7.508, instead of the value 31.735 as suggested by the trans-
formation method. The parameters achieved here are relatively small and within the limit
of metamaterials, which will increase the possibility of realizing such an optimized cloak.
This is very important to the implementation of a cloak in practice. As we have known,

for an ideal cylindrical cloak, the ¢ component of constitutive parameters need to approach
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infinity at the inner boundary to support the surface currents. Such an extreme value near
the inner boundary is nearly impossible to realize. Though a truncation method [23, 42, 45]
at the inner boundary can be used to avoid this extreme value, however, scattering will be
aroused and it has been shown that the performance of such a truncated cloak is sensitive
to the perturbations near the inner boundary [23, 42]. In order to get a performance as
good as our proposed cloak, here Q,..; is 0.0039, only about 7 x 106), truncation is al-
lowed near the inner boundary, which means extremely large values of permeability about
10%110 is needed in the ¢ direction near the inner boundary. This is a disadvantage of the

transformation-based cloak in practical implementation.

The reason why nearly perfect invisibility can still be achieved in a cloak with only a
few layers can be physically explained as follows. The scattering of such kinds of multi-
layered cloaks is determined by the recurrence equation of Eq. (5.9). When m = 0,
Eq. (5.9) indicates that the nth order scattering is the sum of the direct scattering at R(®)
denoted by g, and the wave coming out from R©® caused by the multiple reflections
and transmissions at the inner boundaries, denoted by t1on. In order to minimize the total
scattering, the parameters of the cloak should be chosen so that 74y, and ¢4, cancel each
other. As denoted by Eq. (5.9), 7, are determined simultaneously by vp,,, k,, and 7,, in
all the layers. Thus the matching of impedances between adjacent layers does not assure a
small total scattering. For example, the extreme case of filling all 4 layers with air (perfect
match) will result in a large scattering corresponding to the solid line in Fig. 5-10. On the
contrary, the mismatch of the impedances, as shown in Table 5.1, can be utilized to form
multiple reflections and transmissions among the inner layers, which eventually produces a
transmission to the free space being able to destructively interfere with the direct reflection
occurs at the outer boundary. In our proposed optimized cloak, the Oth direct reflection
coefficient at R is ;9 = —0.1135 — 0.3172, while the Oth transmission coefficient
from RO is tg;0 = 0.1130 + 0.2947i, therefore, the Oth scattering coefficient is 7p9 =
—0.0005 — 0.02252 which is very small, due to the destructive interference. This is also
similar to the one-dimensional multi-layered case of the Fabry-Perot etalon filter, where the

impedances of each layer are not necessary to be matched in order to get zero reflection.
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5.2.3 Optimized cloak at oblique incidence

In Section 5.1.3, we have shown that the performance of certain simplified cloaks dete-
riorates quickly with the increase of incident angle, because these simplified cloaks are
designed only for normal incidence. It is desirable to have some other method to construct
a more easily realizable cloak working for even oblique incidence. Here we will demon-
strate the multi-layered cloak working for oblique incidence after the optimization.

For oblique incidence, the difficulty here is that there is no closed-form solution to the
wave equation inside each layer. We have provided a method to calculate the scattering
from a general cloak under oblique incidence in Section 5.1.1 based on the state-variable
approach [41]. Therefore, for each layer, we can apply this method to calculating each
state propagator matrix and their product will be the final state propagator matrix. Taking

a 4-layer cloak as an example, the state propagator equation will be

AN _ 3N _
V(Ry) = [' I1 (7+APT(W))] - [ [I @+ 20T

=3N+1 j=2N+1

-LH (7+Aﬁ(pj>)] : [H(ﬂzxﬁ(m)) V(Ry) (5.11)

=N+1 j=1

After obtaining the state propagator matrix, we can solve the field distribution over the
entire space, as we have done in Section 5.1. Now by applying the genetic optimization,
we are able to get a multi-layered cloak to work with oblique incidence.

For comparison with the performance of simplified cloaks at oblique incidence, we
consider a cylindrical structure with the same size as in Section 5.1, where the inner radius
Ry = 1.5)\g = 2.08R,. We set the number of layers to be 4. Each layer has the same
thickness. Another condition is that we force all relative parameters in each layer to be less
than 10. The geometry is as shown in Fig. 5-11. The incident wave is vertically polarized,
i.e. only electric field has z component. The incident angle is chosen to be 30°. We fist
choose the scattering from the bare PEC core with radius R, = 0.721 as the reference,
whose E, field distribution in the zy plane is shown in Fig. 5-12. It can be seen that the
scattering is quite large. The normalized scattering cross section (normalized to 2Ry) is

1.175 in this case.
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Figure 5-11: Configuration of a 4-layer cloak when a vertically polarized plane wave is
obliquely incident with the incident angle of 30°.

Ez (V/m)

Figure 5-12: E, field distribution in zy plane due to scattering from a bare PEC cylinder
when a vertically polarized plane wave is obliquely incident with the incident angle of 30°.
The normalized scattering cross section (normalized to 2R,) is 1.175.
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I Optimizing three parameters
layer | p, e €2 €p €4 15

1 0.962 1.423 1 1.154 1 1
2 1.128 0.160 1 0.598 | 1
3 10792 2754 1 1.321 1 1
4 |0.665 1.025 1 2.625 1 1
11 Optimizing six parameters

layer | pu, P €, €y €4 e

1 0.550 2.320 1.725 | 0.438 1.781 3.409
2 10283 3.584 1.657|0.262 3.953 0.037
3 10224 8204 0.614|0.189 B8.674 1.754
4 |0.057 9994 0.015 1540 9.069 0.030

Table 5.2: The relative constitutive parameters for the optimized 4-layer cloak by (1) opti-
mizing three parameters each layer and (II) optimizing six parameters each layer.

We have two sets of optimizations. One is to control €,, i, and pug4 for each layer
(the simplified cloaks only need these three parameters), while keeping relative €, €, and
1t as constant of 1. The other is to control all these six parameters for each layer. The
performances of these two optimized 4-layer cloaks are shown in Fig. 5-13 and Fig. 5-
14. Their relative constitutive parameters are shown in Table 5.2. It is seen in Fig. 5-13
that by controlling only three parameters each layer, the total scattering has reduced much
when compared to the bare PEC core in Fig. 5-12. The normalized scattering cross section
(normalized to 2Ry) is reduced from 1.175 to 0.498. After optimizing all six parameters
for each layer of the cloak, the normalized scattering cross section (normalized to 2R;) is
0.013, close to “invisibility” as shown in Fig. 5-14. It is worth mentioning that the 4-layer
cloak in Fig. 5-14 that is optimized at the single incident angle of 30° is still valid for other
incident angles. In Fig. 5-15, we can see that this cloak has good performance over a large
range of incident angles.

We can generally ascribe this low scattering phenomenon to the cancelation of the first
reflection on the outer boundary and the total transmission from inside the cloak to outside
the cloak, similar to the reason described in last section. However, with oblique incidence,
the description of the wave behavior is much more complicated. For normal incidence,
since vertically polarized waves and horizontally polarized waves are decoupled, only ver-

tically polarized scattering will be generated in response to the vertical incidence. When
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Figure 5-13: E, field distribution in the zy plane due to scattering from a 4-layer cloak
when a vertically polarized plane wave is obliquely incident with the incident angle of 30°.
The cloak’s €., p, and p, in each layer are optimized while the relative €, €, and (i, are
kept as constant of 1. The normalized scattering cross section (normalized to 2 R») is 0.498.
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Figure 5-14: E, field distribution in the zy plane due to scattering from a 4-layer cloak
when a vertically polarized plane wave is obliquely incident with the incident angle of 30°.
All six parameters of each layer within the cloak are optimized. The normalized scattering
cross section (normalized to 2Ry) is 0.013.
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Figure 5-15: Dependence of normalized scattering cross section (normalized to 2R;) on
the incident angle for the 4-layer cloak created by optimizing all six parameters of each
layer within the cloak. The dotted line corresponding to the normalized scattering cross
section (normalized to 2R,) of the bare PEC core is shown for comparison.

the incident angle is tilted, vertically polarized and horizontally polarized waves become
coupled to each other. So both vertically polarized and horizontally polarized waves will
be generated even when the incident polarization is only singly polarized.

From above discussion, we can see that the combination of analytic formalism and
genetic algorithm is a powerful tool which may find more applications in the practical

implementation of invisibility cloaks in the future.

5.3 Practical limitations on invisibility cloaks

To evaluate the applicability of transformation theory to invisibility cloaks, it is necessary
to discuss the practical limitations on invisibility cloaks, like how large an object can be
concealed with the current technology of metamaterial fabrication, and how many layers
we need fo approximate a transformation-based cloak. In this section, we compare the

performance of spherical cloaks with different sizes and different losses, and we also study
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the influence of the number of layers.

Loss is an important issue in the application of metamaterials. Table 5.3 shows the
scattering from spherical cloaks with different inner radius and different thickness when
the loss tangent of 0.01 is applied to all constitutive parameters. The concealed object
within 7 < R, is PEC. The thickness of the cloak is d = R, — R;. It can be seen that, when
the size of the object to be concealed increases, the scattering generally increases as well.
For a given size of the object to be concealed, using a thin cloak is helpful for reducing the
scattering. However, a very small thickness of the cloak will challenge the fabrication, since
the constitutive parameters need to vary sharply within this small thickness. In addition,
it can be seen that the larger the object, the more difficult it is to cloak it using lossy
metamaterials with the same loss tangent. Generally speaking, in order to achieve obvious
cloaking effect, as shown in Table 5.3, the sizes of the cloak and the object to be concealed
need to be in the same order of a wavelength within the extent of current metamaterial

technologies.

It is also important to study how much loss is allowed to achieve a required scattering
cross section for a particular object to be concealed. Table 5.4 shows the maximum loss
tangent allowed for all constitutive parameters if the required normalized scattering cross
section (normalized to wR?) is fixed to be 0.01. It can be seen that generally, to achieve the
normalized scattering cross section of 0.01, the loss needs to be very small. The larger the
cloak and the object to be concealed, the smaller loss is required. Typically, the loss tangent
of the cloak is larger than 0.01 for microwave frequencies [6], which means that using
current metamaterial technology, it is very difficulty to achieve small scattering (reduced
by 2 orders) for the transformation-based invisibility cloaks.

In practice, the continuously inhomogeneous cloak is of ten approximated layers of
metamaterials [6]. Figure 5-16 shows the dependence of normalized scattering cross sec-
tion (normalized to wR?) on the number of layers. It can be seen that cloaking an object
with the radius of 4 needs more layers to reach a stable scattering than that with the radius
of 1\. A little loss will expedite the converging of scattering as the number of layers in-
creases, because loss makes the discretization of the cloak more homogeneous. However,

as we can see, the scattering from a lossy cloak that converges fast has a larger scattering
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Radius of PEC sphere R;
d/R, 1A 2) 4\ 6A 8A 10X 100A 1000
1/1000 | 0.0067 0.0254 0.0856 0.1613 0.2417 0.3206 0.9811 1.0073
17100 | 0.0068 0.0263 0.0884 0.1664 0.2491 0.3299 0.9992 1.0255
1710 | 0.0097 0.0365 0.1205 0.1847 0.3301 0.4322 1.1896 1.2165
1/8 | 0.0106 0.0398 0.1306 0.2414 0.3553 0.4636 1.2454 1.2724
1/6 | 0.0123 0.0457 0.1489 0.2732 0.3998 0.5192 1.3412 1.3685
174 ] 0.0162 0.0594 0.1905 0.3451 0.4993 0.6418 1.5432 1.5710
1/2 10.0332 0.1179 0.3617 0.6316 0.8849 1.1065 2.2330 2.2624
1 0.1013 0.3410 0.9638 1.5732 2.0846 2.4888 3.9901 4.0222

Table 5.3: Normalized scattering cross section (normalized to wR?) from spherical cloaks
with different sizes. R, is the radius of PEC sphere to be concealed and d is the thickness
of the cloak. The loss tangent for all constitutive parameters is set to be 0.01.

Radius of PEC sphere R,
d/R; 1A 2 4 6 8\ 10A 100A 1000
171000 | 1.24E-2 6.04E-3 3.00E-3 1.99E-3 1.49E-3 1.19E-3 1.19E-4 1.20E-5
1/100 | 1.21E-2 5.93E-3 2.94E-3 1.96E-3 147E-3 1.17E-3 1.17E-4 1.17E-5
1/10 | 1.01E-2 4.96E-3 2.46E-3 1.64E-3 1.23E-3 9.82E-4 9.85E-5 9.87E-6
1/8 | 9.66E-2 4.74E-3 2.35E-3 1.56E-3 1.18E-3 9.38E-4 9.37E-5 9.39E-6
1/6 | 890E-3 4.39E-3 2.18E-3 145E-3 1.09E-3 8.71E-4 8.69E-5 8.70E-6
174 | 7775E-3 3.81E-3 1.89E-3 1.26E-3 9.49E-4 7.58E-4 7.55E-5 7.55E-6
172 | 530E-3 2.62E-3 1.30E-3 8.67E-4 6.51E-4 5.20E-4 5.21E-5 521E-6
1 293E-3 145E-3 7.25E-4 4.83E-4 3.63E-4 2.90E-4 2.89E-5 2.89E-6

Table 5.4: The maximum loss tangent that can be applied to all constitutive parameters of a
spherical cloak with different sizes when the normalized scattering cross section (normal-
ized to wR?) is fixed to be 0.01. R, is the radius of PEC sphere to be concealed and d is the
thickness of the cloak.
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Figure 5-16: Dependence of normalized scattering cross section (normalized to 7R?) on
the number of layers. The concealed object is PEC. The two curves correspond to lossless
case and lossy case where a loss tangent of 0.01 is applied to all constitutive parameters.

(a) Both the radius of PEC and the thickness of the cloak are 1. (b) The radius of PEC is
4\ while the thickness of the cloak is 1.
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than a lossless cloak with the same number of layers.

Another question is whether we can use isotropic dielectrics to construct a cloak instead
of anisotropic metamaterials. Here we emphasize that anisotropy is of key importance in
the cloaking phenomenon and thus cannot be eliminated. We can use Fig. 1-2 to explain
our arguments. In Fig. 1-2(a), the horizontal lines can be treated as phase fronts propagating
upwards and the vertical lines are the corresponding power propagation directions. After
transformation, as shown in Fig. 1-2(b), the mesh is distorted. As long as this transforma-
tion is not a conformal mapping, the angles between horizontal lines and vertical lines are
no longer conserved, meaning the phase propagation direction and the power propagation
direction will not be in the same direction. Anisotropy is necessary in this case. Therefore,
using isotropic dielectrics to construct a transformation-based invisibility cloak is generally

impossible.!

5.4 Summary

In this chapter, two parts of practical implementations are considered. The first part is
for inhomogeneous simplified cloaks that are often used in experiments. The effects of
nonlinear transformation and incident angle are studied. The second part is for optimized
multi-layered cloaks whose layers are homogeneous and anisotropic. Genetic algorithm is
adopted to optimize the practical multi-layer structures. For both parts, analytic treatments
are developed. Finally, practical imitations of size, loss and anisotropy are discussed. Main

conclusions are as follows.

e Simplified cylindrical cloaks may produce a larger scattering at nonnormal inci-

dences than that from an object without any cloak, making this object more “visible”.

o The impedance-matched high-order transformation forces waves to be bent closer

to the inner boundary and thus may produce stronger scattering than the simplified

'For example, in Fig. 1-2, the segment of the originally vertical red line in the first quadrant is bent coun-
terclockwise due to the squeezing from the “hole”, while an originally horizontal line in the same quadrant
is bent clockwise under similar squeezing effect to avoid the “hole”. Therefore the angle between these two
lines is no longer right angle, meaning that the power direction and phase propagation direction are not the
same. As long as the “hole” creation is necessary in the transformation, anisotropy is generated during the
squeezing process.
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linear one without impedance matched at the outer boundary. A square root transfor-

mation can improve scattering by guiding waves away from the inner boundary.

Utilizing genetic algorithm, a multi-layered cloak can be optimized using homoge-

neous and anisotropic layers to be close to invisible at normal incidence.

It is demonstrated that by optimizing the performance of the cloak at 30° incidence,
the multi-layered cloak provides low bistatic scattering over a wide range of incident

angles.

In order to reduce the scattering from a PEC object by 2 orders, the loss tangent of
the cloak generally cannot be larger than 0.01. This has implied important limitations

on the applicability of transformation theory to invisibility cloaks.
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Chapter 6

Conclusions

This thesis presents a systematic electromagnetic study of transformation-based invisibil-
ity cloaks. The theoretical analysis is based on macroscopic electromagnetic wave the-
ory. The emphasis has been placed on the physical interpretation of the phenomenon of
transformation-based invisibility with a better fundamental understanding. The results pre-
sented here solved some key problems in invisibility cloaking on both the theoretical and

practical levels.

6.1 Conclusion of theoretical analysis

On the theoretical part, the work in this thesis studied three main aspects.
1. Interaction of a perfect invisibility cloak with electromagnetic waves

Firstly, the effectiveness of transformation-based invisibility cloaks are confirmed. By
establishing the scattering models for the spherical and cylindrical cloaks, we are able to
calculate the electromagnetic fields analytically over the whole space, based on which a
better understanding can be obtained. It is shown that the spherical cloak proposed in
Pendry et al.’s original work is indeed perfect for a monochromatic incident wave. This
conclusion helps to resolve the disagreement between Pendry et al.’s paper and Leonhardt’s
paper on the point that whether perfect invisibility is theoretically achievable or not. For

a cylindrical cloak, our full-wave results show that it is perfect not only for normal inci-
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dence but also for oblique incidence. It is emphasized that at the inner boundary of an
ideal cylindrical cloak, the external incident wave will induce electric and magnetic surface
currents. These surface currents introduced here are formed by polarized currents and have
no counterparts in the original virtual space. Therefore they cannot be predicted directly

by the transformation theory.

Secondly, an invisibility cloak is able to cloak active sources. The principle of the trans-
formation theory is to guide waves around the object to be concealed. Though the trans-
formation theory demonstrated the effect of cloaking a passive object, it did not provide
information on whether electromagnetic radiation originating from inside the concealed
region can be kept from getting out or not. This means that anything emitting electromag-
netic radiation might be instantly detectable. Our study shows that the invisibility cloak
created by the transformation theory is still perfect for cloaking an object emitting elec-
tromagnetic radiation. We demonstrate that this phenomenon is due to the surface voltage

effect at the inner boundary of the cloak.

Thirdly, mechanical response of an invisibility cloak is studied. Though the wave passes
through the cloak as if nothing is there, the cloak is in fact subject to some local forces. We
show that the outer boundary of the cloak withstands pressure forces from the incoming
wave, while the bulk and the inner boundary withstand the forces attempting to extend the
volume. Since the force are mainly in radial direction, we can roughly treat the recoil forces
exerted to the electromagnetic wave as the centripetal forces under which the photons are

able to do the circulating motion within the cloak.
2. Electromagnetic waves in an imperfect invisibility cloak

Firstly, by introducing perturbations to constitutive parameters, we show that under
certain lossy conditions, the spherical cloak is still perfect for a back-scattering detector,
while a cylindrical cloak with the same lossy conditions will still be visible. The scattering

model we developed is useful for evaluating the effectiveness of an invisibility cloak.

Secondly, the dispersion effect is analyzed in details. A multi-layer algorithm able
to describe the performance of a dispersive and lossy spherical cloak is developed. By

applying the dispersions of Drude and Lorentz types to the constitutive parameters, it is
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shown that electromagnetic waves with different frequencies have different depths of pen-
etration in the cloak and thus form a rainbow like field distribution inside the cloak. A
quasi-monochromatic wave will experience a blue-shift in the forward propagating direc-
tion. Based on the dispersion model, group velocity, energy transport velocity and signal
time-delay are discussed. It is shown that group velocity and energy transport velocity
are not well-defined when the wave is approaching the inner boundary because the wave
is seriously distorted. However, when the frequency band is narrow enough, we are still
able to define the time-delay of the signal arriving at a target plane behind the cloak. A
volcano-shaped time-delay spatial distribution is demonstrated as a concrete example in

our physical model.
3. Radiation caused by a fast-moving charged particle through an invisibility cloak

While photons can be guided by the cloak along curved trajectories, however, a moving
charged particle will still follow a straight trajectory due to its inertia. This charged par-
ticle that is moving in the heterogénous and anisotropic cloak will induce electromagnetic
radiation. The reason of radiation is also ascribed to the nonuniform motion in the virtual

electromagnetic space.

We extend Frank and Tamm’s theory of Cerenkov radiation due to a uniformly moving
charged particle in homogenous and isotropic medium to the case of a uniformly moving
charged particle through a perfect spherical invisibility cloak that is both inhomogeneous
and anisotropic. The dyadic Green function of an electric dipole inside the cloak is derived.
Based on that, the instantaneous field distribution is evaluated during the whole process of

the charged particle passing through the cloak.

Our results show that the transition radiations that occur at the incident point and emit-
ting point when the particle enters and leaves the cloak in the physical space correspond to
the abrupt velocity changes at the corresponding points in the virtual space. The transition
radiation during the piercing process corresponds to the deceleration and acceleration ra-
diations (Bremsstrahlung and synchrotron radiation) in virtual space. Cerenkov radiation
will also occur in certain regions close to the outer boundary when the particle’s velocity is

sufficiently large.

145



A concrete example of a spherical cloak with outer radius of 2um and inner radius of
1pum with a Gaussian charge distribution of 1000 electrons going through is demonstrated.
It is shown that the bandwidth of the radiation is generally broad-band and can be controlled
by the parameter of Gaussian distribution. The radiated energy distribution in frequency
domain increases in the beginning, which is similar to the radiation caused by a single
electron going through a typical medium, while the radiated energy distribution goes down
when the frequency is high, which is because the Gaussian shape of the charge profile has
determined the concentration of most frequency components over the low frequency part.
It is estimated that a charge package of 1000 electrons will generate about 78 photons over
the frequency range 500 THz to 501 THz, that will distribute roughly according to the
radiation pattern at S00 THz.

6.2 Conclusion of practical analysis

In this thesis, the practical studies are divided into two parts.

First, the simplified cloaks which are often used in experiments are studied. The ana-
lytic scattering calculation based on the state-variable method is carried out for both normal
incidence and oblique incidence, being more efficient and accurate than the semi-analytic
method often used in published literatures. It is found that the simplified cylindrical cloaks
may produce a larger scattering at oblique incidence than that from an object without any
cloak, making this object even more “visible”. At normal incidence, the high-order trans-
formation with impedance matched at the outer boundary, which was supposed to reduce
the scattering in previous studies, can produce stronger scattering than the linear simplified
one without matched impedance. This is due to the inefficiency of guiding waves close
to the inner boundary. Therefore, a square root transformation can improve scattering by
guiding waves away from the inner boundary.

Second, a multi-layered cloak using anisotropic and homogenous layers is proposed
based on the genetic optimization for normal incidence and oblique incidence respectively.
In order to get the exact behavior of a multi-layered cloak at normal incidence which is

commonly used in practice, the analytical model of a cylindrical cloak created with multi-
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layered anisotropic materials is firstly established based on the full-wave scattering theory.
By the optimization with genetic algorithm, we show that, although only a few layers of
anisotropic materials are used, an optimized multi-layered cloak with nearly zero scattering
can still be achieved. The parameters obtained are relatively small and easier to be realized
by metamaterials. The impedances between the adjoined layers do not necessarily match
each other but can still produce extremely low scattering. For the oblique incidence, the
results from the state-variable approach is chosen as the input of the optimization. It is
demonstrated that using only a few layers, the optimized cloak can work over a large range

of incident angles.

6.3 Suggested future work

In this section, I suggest some of the potential problems for future work.
1. Special relativity consistent cloaking of a moving object

We have analyzed a number of limitations that an invisibility cloak has, such as the loss,
frequency dispersion, extreme values of constitutive parameters and continuously varying
anisotropy. There is at least one more limitation which is important but has not been stud-
ied. All current studies on invisibility cloaking are limited to stationary state where the
cloak as well as the concealed object cannot move. If we want to cloak an object which
is moving fast, we must consider the relativistic effect of electromagnetic waves. We can
divide this problem into two parts. One is the Doppler shift effect of the frequency of
electromagnetic waves when the object is moving. Since the metamaterial constructing
the cloak is dispersive, this Doppler shift will deteriorate the invisibility performance. The
other part is the change of the background. In relativistic motion, Lorentz transformation
is applied and the background becomes bianisotropic medium with respect to the object in
motion. It is difficult to get the analytic scattering solution in this case, but we are able
to use numerical simulation methods to get the scattering in the moving frame and then

transform it back to the stationary frame.
2. Momentum of electromagnetic waves inside the cloak

147



The coordinate transformation theory shows how to transform electromagnetic space.
However, the electromagnetic waves have both wave properties and particle properties—
electromagnetic momemtum. Since the cloak does not produce any scattering, the net
momentum transfer of electromagnetic waves to the cloak is zero. However, how do the
momenta go through the cloak is not know yet. We have studied the Lorentz force distri-
bution inside the cloak and shown that the recoil force might be the reason of turning the
momenta around. In electromagnetics, the Lorentz force law is another basic law besides
Maxwell’s equations. The effect of coordinate transformation on Lorentz force law need
to be considered. Based on the momentum conservation law as well as the Lorentz force
analysis, the momentum of electromagnetic waves inside a transformation-based cloak can
be studied. Because the cloak is anisotropic and inhomogeneous, the form of momentum

in this case is expected to be complicated.
4, Non-reciprocal cloaks

A shortcoming of the perfect invisibility cloaks is that the wearer of these cloaks cannot
perceive the external information when the outside observer cannot see the wearer at the
same time. It will be very interesting to study how to cloak an object while still keeping it
be able to receive the external signals. This is possible by using non-reciprocal materials.
Recently, many structures of non-reciprocal metamaterials have been proposed and studied,
which further increases the possibility of non-reciprocal cloaks. The problem is that in
order to let the signal get into the concealed object, electromagnetic waves must penetrate
into the concealed region. Therefore, the concealed object cannot be very lossy, otherwise
the energy dissipation will make the object visible. Another possibility is to utilize active

sources to compensate the energy dissipation
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Appendix A

Wave Functions inside a Spherical Cloak
Generated by Arbitrary Coordinate

Transformations

A general derivation of the wave functions inside a spherical cloak generated by an arbitrary

coordinate transformation is published in Ref. [77]. We list the main conclusions here.

Consider a general coordinate transformation between two spherical coordinate systems

(r', ¢, ¢') and (r, 6, ¢) that is described by
r'=f(r0,¢), 6 =g(r0,6), ¢ =h(r049) (A.1)

where ', ¢’ and ¢’ represent the coordinates in the original coordinate system and f(-), g(-)
and h(-) can be arbitrary monotonic differentiable functions. Following the transformation
theory based on the form-invariance of Maxwell’s equations under space-time transforma-

tion, the constitutive parameters can be obtained as follows,
e=el , B=pT (A2)

where €, and g represents the scalar permittivity and permeability of free space in the

ﬂ: —_—
original space before transformation. The matrix T is defined by T' = J J/det(J), where
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J = d(f,g,h)/0(r,0,¢) is the Jacobian matrix. According to the fields into TE and TM
modes by introducing the vector potentials Ay and Ay in the new space and express the

fields as

_BTM =V x ZTM

Drv = H{V x[E -V x Arm]}
Dig =~V x Arg

Bre = HVx[E 'V x Ar]}

(A3)

Since the media described by € and 7 is no longer isotropic, the directions of Arg and Ay

are not necessary to be along the 7 direction. For mathematical convenience, we let

ZTM = (_Lr + 179‘%9 + rsmb‘8¢¢) (I)TM

_ (A4)
ATE = (—L’f' + __[.9 + —‘Ld)) q)TE

rdf rsin §0¢

where @1y and ®rg are scalar potentials for TE and TM cases, respectively. Substituting

Eq. (A.4) into Eq. (A.3), we obtain the partial differential equation for ®1g and @1y,

0? 1 g (. 0 1 0?
8_f2— + 72 sing—gg- (smg%> s gah2 + ko] d=0 (A.5)

The solution for this equation is
® = B, (kof) P (cos g)ei™" (A.6)

where B,,(-) is the Riccati-Bessel function, P is the associated Legendre polynomials of
the nth order with degree m. Using Eq. A.4 we can obtain the vector potentials Arg and

Arwm as follows:

_— o5, 0f ;. _0f i
A= Y atth (Fi S 20 d) Bkl Pr(eosg)e™ (A

m,n

7 af af n » m im,
Arg =) _art, < + =5t 5 ¢¢> B (kof)P™(cosg)e™  (A8)

m,n
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Thus all the components of the total fields can be obtained by substituting Eq. (A.7) and
Eq. (A.8) into Eq. (A.3) and the results are as follows:

i [of (8 ,\ 89 # Oh &
= (= = e i
B = e [a (8f2 + k“) t ora5ag T orafon) o™

1 Oh 0 1 0g 0
— =2 A.
660 (sm Yor dg sing dr Oh (I)TE) (A.9)

i [of o9 & oh &
Bo = wuofgr[ (8f2+k)+898f69+806f8h G

1 oh 0 1 9g 0
€or 990 sna A.10
+60T ( 1950 Og mgaﬂah) Ore ( )
g of ;) 09 8 Oh &
P ————————— 7 i @ .
E¢ UJ/,lloﬁoT‘Sina [agb (6}"2 + kO) + 8¢6fag + 6¢8f6h ™ (A.1l)

1 oh 0 1 9g 0
+€0T5in9 ( "9969g  sing s partz’alh) Pre (A.12)
1 (1090 . 0Oh0
= a5 \a -5 91 —
e Opo (sing@r oh ga dg TM)
: of 2 dg 0 Oh &2 ]
o afAan | A AFAh Al
Whoto [ (3f2 * k") o 0fdg tar dfoh CrE (A.13)

0 - 1 (1 g0 Oh 0 ®
o= Lot smg@ﬁc’)h - 9890 ™

i [of dg &  Oh & }
L 9 9 "9 e A4
T [ (af2 Tk ) * 95709 T awagen) T2 A9

1 . Oh 0 1 0g 0
= 5in g—— — —= i) A.l5
Hy LoT sin 6 (sm ga¢ 0g singd¢ partz’alh) ™ ( )

! of (& 2> dg 0*  Oh & ]
wucersing | 6o \ 872 A Al
whoeor sin [6¢ (6}”2 th )+ 3p0705 * apason) T8 1O
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Appendix B

Wave Functions inside a Cylindrical
Cloak Generated by Arbitrary

Coordinate Transformations

Consider a general coordinate transformation between two cylindrical coordinate systems

(o', ¢', 2') and (p, @, 2) that is described by

P'=f(p,¢,2), ¢I=9(Py¢)z), 2=z (B.1)

where o', ¢’ and 2’ represent the coordinates in the original coordinate system and f(-),
g(+) can be arbitrary monotonic differentiable functions. Using Eq. (A.2) in Appendix A,
the constitutive parameters can be obtained similarly while the Jacobian matrix is J =
a(f,g,2')/d(p, ¢, z). Similar to Appendix A, we are able to introduce

Ay = 2Pru B2)

Arg = 2®1E

where ®1y and ®1g are scalar potentials for TE and TM cases, respectively. Substituting

Eq. (B.2) into Eq. (A.3), we obtain the partial differential equation for g and @1y,

16,0 18 &
?Wfa_f+?55?+5ﬁ+k3 ®=0 (B.3)
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The solution for this equation is

o = B,L(lc,,f)e""‘-"e“sz

(B4)

where k, = /k& — k2 and B,(-) is the solution to Bessel equation. Using Eq. (A.4) we

can obtain the vector potentials Arg and Aty as follows:

A ™ zmh ik, 2z
Arm = E O 2Bk, f)e™ e

m,T

zTE = Z afn}izﬁB,L(kpf)eimheikzz

m,mn

(B.5)

(B.6)

Thus all the components of the total fields can be obtained by substituting Eq. (B.5) and

Eq. (B.6) into Eq. (A.3) and the results are as follows:

g o ke 0, 55+ PRS- (EF + PG5,
- a_ *TM
g Ho€o Op [555% - 5-%5%]]‘50
o ik, 0, D"+ ()15 — 16155 + 1*53 58155
¢ = - PT™
Ho€op 6¢ [%g}% gégg]fpeﬂ
k2
E, = (- —")0m
Ho€op
u ik, 0, WGP+ 12505 - (55 + PRE
= —®rg
g Ho€o Op [%53% %%ﬂlfuo
PN+ i R R
- . ¥*TE
F B (555 — 5558\ fowo
k2
H, = (- —=)bmm
Ho€op
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(B.8)

(B.9)

(B.10)

210
]"”’@TM (B.11)
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