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Abstract 

sow 

Uniaxial cylindrical cloaks have recently been proposed to prevent scattering of electromagnetic waves, i.e. to 
render objects invisible. The proposed cloaks with reduced variation of constitutive parameters suffer from 
nonzero reflectance, i.e. they are only partly invisible. Therefore, we propose a 12-month effort to develop an 
analysis method and the corresponding software for analyzing cylinders made from metamaterial-based 
concentric layers with an application to invisible cloak realization. The main parameter of interest is the scattered 
field, i.e. if the considered structure really appears invisible to the incident wave. The considered structure will be 
modeled as a multilayer anisotropic cylinder where both permittivity and permeability tensors are diagonal in the 
cylindrical coordinate system The active cloaks can be also analyzed in this way since their homogeneous 
electromagnetic model is based on complex constitutive parameters. The proposed analysis method includes 
transient analysis, i.e. by this it is possible to determine response to the pulse excitation (for example, response to 
the radar signal). The proposed analysis method will be connected with a suitable global optimization routine, and 
the developed software package will be used to design an experimental prototype. A possible application of the 
considered prototype is reduction of scattered field from mechanical structures that need to be placed in front of 
big antennas. such as radar antennas or reflector systems. 

1. PROBLEM IDENTIFICATION AND ITS SIGNIFICANCE 

The realization of structures that do not scatter electromagnetic field, i.e. structures that appear invisible for EM 
waves is not a new concept. The possibility of a plane wave passing through some structure without distortions 
(i.e. with zero scattered field) has been investigated theoretically since 1960s (see e.g. [1]-(4]). Recently, the 
possibility of cloaking objects using a metamaterial cover has extensively been studied ([5]-(7]). In this approach, 
material has been used to render a volume effectively invisible to incident radiation, i.e. to squeeze space from a 
volume into a shell surrounding the concealment volume. Coordinate transformations that are used for cloak 
design do not influence the form of Maxwell's equations, but they affect permittivity and permeability tensors 
(&#949; and &#956;, respectively), making the needed materials spatially varying and anisotropic. When viewed 
externally, the concealed volume and the cloak both appear to have the propagation properties of free space, i.e. 
they appear invisible to electromagnetic waves. The required anisotropy is supposed to be obtained by using 
metamaterials. 

As a sort of canonical case, cloaking of the PEC cylinder has been considered. For the cloak design, a coordinate 
transformation which compresses free space from the cylindrical region O < r < b into the concentric cylindrical 
shell a < r' < bis applied, where a and b represent the cloak inner and outer radius. respectively. After using the 
coordinate transformation [5] it can be shown that all the components of permittivity and permeability tensors are 
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functions of radius, which implies a very complicated metamaterial design 

However, in [6], a simplified metamaterial cloak design is proposed for case of fabrication. which is intended to 
work properly at microwave frequencies when illuminated with a normal incident plane wave with the electric field 
polarized along z-axis (TMz cloak). This cloak is referred in this proposal as Schurig cloak Such case benefits 
from a substantial simplification due to more flexibility in choosing the functional forms for the electromagnetic 
material parameters: it is possible to let only the radial component of permeability to vary along the radial 
direction, and to fix all other components of permeability and permittivity tensors. 

Note that the required radial anisotropies could be realized by using layers of metamaterials, in particular split ring 
resonators for the TMz cloak. In [7] dual case (TEz cloak) was proposed which could be realized by using metal 
wires embedded in a dielectric material. Therefore, such simplified cloaks are possible to be realized, and are of 
interest to further analysis and improvement. 
In [8) these structures have been analyzed in order to quantify the achieved invisibility in mathematical terms. The 
analysis approach is based on the modal approach, ie. the radial field distribution is described with a modified 
Bessel differential equation that takes into account the radial anisotropy of the proposed structures. The invisibility 
is characterized in terms of total scattering width ( &#963:T) of the cloaked cylinder and the angular variation of 
bistatic scattering width (&#963;20) [9]. Furthermore, the total scattering width for PEC cylinder without cloak has 
been calculated as the referent case, which enables comparing different cloak realizations. 

The radial anisotropy of &#956;r or &#949;r has been approximated by piecewise constant functions representing 
the stepwise cloak realization (layers of metamaterial), and for all the analyzed structures it has been shown that 
there is no significant improvement of the obtained invisibility gain for structures with more than 5 layers of 
metamaterial [8]. Furthermore, it was shown that the obtained invisibility gain of the Schurig cloak is only around 
factor 3 [8]. The main reason for such small gain is the reflection of the incident wave from the cloak surface ([6), 
[7)), due to the impedance mismatch. 

The bandwidth of simplified cloak realizations has also been considered. In reality. the magnetic permeability in 
metamaterials is always frequency dependent and is described by the Lorentz model [1 O]. Thus the frequency 
variations of &#956;r have also an effect on the level of the achieved invisibility. It is shown that the invisibility 
bandwidth (relative frequency range where the invisibility gain is larger than 1) is only around 0.2% for the Schurig 
cloak [8]. 

Previous work in invisibility, therefore, gives rise to several questions: 
1. Is it possible to realize a cloak with the reduced set of material properties that is entirely invisible (at least at the 
central frequency)? 
2. Is it possible to enlarge the bandwidth of such a cloak? 
3. Is it possible to realize a cloak with the reduced set of material properties that work for oblique direction of 
incident wave? 
4. Is it possible to realize a cloak that is invisible to pulse excitation (i.e.to radar)? 
The purpose of the project is, therefore, to provide further analysis of this issue. 

The possible application of the developed cloak will be reduction of the scattered field from some mechanical 
structure. In more details, there are many situations where electromagnetic waves are obstructed by some 
mechanical structure. The obstruction may represent aperture blockage causing increased sidelobes and reduced 
gain. if the structure is a part of the antenna system or if it is placed close to the antenna,. Examples of such 
structures are objects placed in the vicinity of the antenna system (e.g. musts on ships near radars or 
communication systems), supporting struts in large reflector systems. etc. In all such systems the frequency, 
polarization and angle of incidence are known which make possible to construct a special structure that will 
reduce the scattered field. 

2. WORK PLAN 

The work in the project will be divided in the following tasks 
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1. Extension of the program for analyzing uniaxial multilayer cylinders - with the extended version it will be 
possible to analyze the case when the incident field has oblique direction of propagation and oblique polarization. 

2. Merging of the program for analyzing uniaxial cylindrical structures with the global optimization program. As a 
global optimization algorithm we have chosen the Particle Swarm Optimization (PSO) algorithm. This is an 
evolutionary algorithm similar to the genetic algorithm and to the simulated annealing, but it operates on a model 
of social interactions between independent agents and utilizes swarm intelligence to achieve the goal of 
optimization problems. It was chosen here since the associated algorithm has the same or better performances 
comparing to other global optimization programs. [11, 12]. 

3. Extension of the program in order to include the transient analysis of the structure One of the goals of the 
cloak investigation is to make the cloaks invisible to radar signals. In order to design such a cloak it is not enough 
the perform time-harmonic analysis, i.e. the response of the structure to the pulse excitation should be also 
determined and taken into account in the design procedure. 

4. Extension of the program to include cloaks with active components. Active cloaks can be electromagnetically 
modeled using asymptotic homogenized material parameters. and the gain inside such a structure can be taken 
into account if the structure is described with complex unisotropic permittivity and permeability tensors. 

5. Making a proposal for building an experimental model of a cloak. The goal is to develop the experimental 
model that is relatively simply to build, and that is invisible for arbitrary-polarized electromagnetic waves in a 
large frequency bandwidth. The selection of the propsed type of structure will be based on the results of the 
performed analysis. The proposed model will be a prototype of the structure that reduces scattered field if some 
mechanical supporting structure needs to be placed in front of the antenna. 

3. POSSIBLE CONTINUATION OF THE PROJECT 

Proposed one-year effort should give the answer to the question which type of cylindrical structure is suitable for 
building cylindrical cloaks. In particular, the selected structure should excite low scattered field in the case of 
arbitrary-polarized incident wave with oblique incoming direction. The bandwidth of the proposed structure will be 
one of the main parameters. Therefore, in order to fully prove the proposed concept we suggest the following 
continuation of the proiect 

• Second year : Designing a prototype of the cloak. In order to be able to make such a design, a detailed analysis 
of the proposed structure is needed. This is not a simple task since the proposed structure is very large in terms 
of the wavelength. Therefore. we will combine the commercial electromagnetic solvers (e.g. CST Microwave 
Studio), the in-hose developed software for analyzing anisotropic cylindrical structures (where it is not possible to 
design all the details of the structure), and the optimization algorithm. 

• Third year: Development and measurements of the experimental cloak model. The developed model will be 
initially tested at University of Zagreb, but the proper verification should be done at a good-quality anechoic 
chamber like the one at the Hanscom AFB. 

4. TIME LINE - SCHEDULE 

The milestones for the project are: 
(a) after 3 months: the detailed formulation of the proposed analysis method. 
(b) after 6 months: the first version of the program for calculating scattering of general anisotropic multilayered 
cylindrical structures when the incident field has oblique direction of propagation and oblique polarization, 
( c) after 8 months: the first version of the program for transient analysis. 
(d) after 9 months: the optimization module that will enable designing an experimental model of a cloak, 
(e) after 11 months the proposal of experimental model. 
(f) after 12 months: the final report. 
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5. DELIVERABLES 

The duration of the effort will be 12 months. After 12 months we will deliver 

(a) Program that analyzes anisotropic multilayer cylindrical structures. 

(b) Report with the detailed analyis results and with the description of the proposed experimental model (part of 
the final report). 

(b) Program manual with several test runs (part of the final report). 
In program manual the detailed description of the analysis method and of the program structure will be given. 
Several test examples will assure that the program will be used in a proper way. 

6 REFERENCES 
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