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All standard materials flat reflector made
by transformation electromagnetics
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In this paper, the design methodology of a flat reflector composed with standard dielectric material and using transformation
electromagnetics (TE) is presented. First, the mathematical relation between a flat reflector and a parabolic one is described.
The TE principle is then described. Some realization issues are highlighted, leading to approximations and compromises in
order to design a more realistic structure. In this way, a flat reflector made only with standard dielectric materials is presented,
using an original method to achieve the desired spatial permittivity variation. The simulation results of different configura-
tions for the flat reflector are presented and compared to classical solutions in order to prove the thickness reduction and the
improvement of radiation characteristics in terms of gain and half-power beamwidth.
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I . I N T R O D U C T I O N

When the work of Pendry et al. [1] about transformation
electromagnetics (TE) appeared in 2006, it drew the attention
of many research groups all over the world. It was clearly
a breakthrough, because this work claimed the possibility
of manipulating and controlling electromagnetic waves as
never before. The flexibility in electromagnetic design was
achieved using metamaterials [2] or composite materials,
where the permittivity and permeability can be modified [3].
The experimental application used to illustrate the theoretical
principle was the invisibility cloak device. Despite of this first
illustration, many issues about the device performance were
highlighted such as narrow bandwidth, infinite phase veloci-
ties, or excessive dispersive losses [1]. These issues limit the
performances of the invisibility cloaks made with this
method [4]. In this publication, a flat all dielectric TE-based
reflector is theoretically described as in [5], then we introduce
and highlight simplifications that make TE devices feasible
and potentially useful, avoiding resonant structures as the
ones used in [3] or [4]. In Section II, the principle of TE is
reviewed. In Section III, the full description of a flat reflector
design is presented, and the methodology to achieve different
permittivity values with a single dielectric is described as well.
Simplifications that lead to the use of an only Teflon structure

with holes are also explained. The simulations results of differ-
ent configurations for the flat reflector are presented in Section
IV and finally conclusions are drawn.

I I . P R I N C I P L E O F T E

TE is a powerful theoretical tool, which enables the design
of new devices in optics and microwaves as never before.
TE is based on the principle of Fermat concerning the geomet-
rical path of light. This principle gives the condition of a light
trajectory in an inhomogeneous media. Usually, the light
follows the shortest path between two points. In some particu-
lar cases, it could take the longest path as well. This optical
path length S described in equation (1) is the Fermat’s prin-
ciple, where n is the refractive index and dl is the line
element detailed in (2).

S =
∫

n.dl, (1)

dl =
������������������
dx2 + dy2 + dz2

√
. (2)

The following methodology of TE design is widely applied in
many applications like [3, 4]. This method has two key points
which are described by the following equations: the first one is
the invariance of Maxwell’s equations under any coordinate
system (3), and the second one is the geometry-material
dependence explained in (4).

∇ × E = −jvm.H, ∇ × E′ = −jvm′H′,

∇ × H = jv1.E, ∇ × H′ = jv1′E′, (3)
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m
′ = JmJT

det J
, 1

′ = J1JT

det J
, (4)

where J is the Jacobian, a mathematical tool that makes pos-
sible the transformation between two coordinate systems,
i.e. for TE, between a real space where space is the transformed
one, and a virtual space where the space remains itself.
Equation (4) allows us to calculate the constitutive parameters
profile (1r and mr) that will be used to build the final structure.

I I I . F L A T R E F L E C T O R

An interesting application of TE on antenna design is the
reduction of the thickness of a parabolic reflector when
replacing it with a flat structure. Usually parabolic reflectors
allow achieving high directivity in antennas. In [5], the
profile of a planar antenna is theoretically calculated using
TE. Then, our paper aims to establish a simple methodology
which leads to demonstrate that a flat structure is able to
replace a parabolic reflector with improvements in terms of
dimensions, performance, and simplicity in the realization.
To design this device, the parabolic equation is used in this
transformation to denote the mathematical link between the
two spaces as in (5), where p is the focal distance, d and e
are the thickness of the flat and parabolic reflector, respec-
tively. We can notice in (5) that x is the only coordinate
that changes. The values of d and e are 0.1 and 0.15 m, and
it shows a reduction of the structure’s thickness. The real
space and virtual space are shown in Fig. 1. The virtual
space is represented by the parabolic structure and the
real desired space by the flat one. In Fig. 1(a), the cross-section
of the flat structure is presented. The TE-based material is
located between the source and the metallic boundaries.
In Fig. 1(b), the cross-section in Cartesian coordinates of a
metallic parabolic reflector is presented as well.

x′ = 4pdx
4pe − y2

; y′ = y; z′ = z. (5)

It is possible to calculate the constitutive parameters of the
material needed to achieve the flat structure using equation
(5) for the TE. This leads to a material profile expressed in
two tensors: 1r and mr. Consequently, some approximations
are needed in order to reduce the number of components of
the tensors, and thereby making the structure realizable.
Therefore, we consider a polarization with E-field along the
Oz-axis. Then the three resulting non-zero components are
mxx, myy, and 1zz. The range of values for the permeability
mxx varies from 0 to 100, with a value near 1 in the central
region around y ¼ 0, for myy from 0.2 to 1.1, with also a
value near 1 in the central region, and for permittivity 1zz

from 0.2 to 1.45 as is seen in Figs 1(c)–1(e). Usually, these
values can only be achieved using metamaterials, which lead
to a complex realization.

Two-dimensional (2D) simulations at 5 GHz of the reflec-
tors were performed with Comsol Multiphysics. A rectangular
port in transverse electric mode (i.e. polarized along
the z-axis) as source, is located at the focal point. The simu-
lated distributions of the normalized magnitude of the
z-component of the electric field E of three structures, the clas-
sical parabolic reflector, the flat rectangular reflector with
metallic boundaries and a perfect electric conductor (PEC)
plane reflector are presented in Fig. 2.

The electric field distributions are quite similar for the two
first reflectors. However, the flat reflector presents more direc-
tivity than the parabolic one because the radiation is more
concentrated toward the propagation direction. This can be
explained as a result of simplifications on tensors made in
the design process. The field distribution for the only PEC
reflector is not useful as expected.

In this work, the use of only standard dielectric materials is
needed in order to simplify the realization. In this way, add-
itional approximations are also applied to set a constant value
of permeability (mr ¼ 1) and to have a structure only defined
by a variable permittivity [6]. This approximation is justified
as the value of mr is near 1 in the central region of the struc-
ture, where the field is concentrated. The next step is the dis-
cretization of the material in 32 dielectric blocks (concentric
rings) as shown in Fig. 3. The discretized values of permittiv-
ity are taken from the profile of 1zz in Fig. 1(e). Relative

Fig. 1. Cross-section of reflectors: (a) TE-based flat structure, PEC boundaries in blue. (b) Parabolic reflector. TE structure profile where: e ¼ 0.15 m, d ¼ 0.1 m,
and p ¼ 0.15 m; (c) mxx; (d) myy; and (e) 1zz.
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permittivity values range from 0.2 to 1.45. It is noticed that
some values are below 1 (dispersive values), which does not
correspond to standard materials. Therefore, the case where
dispersive values are replaced by a relative permittivity of
one is analyzed in the following paragraphs. As the values
of permittivity below 1 occur only at the edges of the structure
where the field is weak, this approximation is also justified.

Then, the profile in Fig. 3 is rotated around the x-axis to
obtain a three-dimensional flat reflector. As a result, the flat
reflector is a cylindrical structure of 60 cm diameter with dif-
ferent annular regions. Furthermore, the realization of the
structure is possible using a drilling technique, which involves
drilling holes in standard materials to achieve a variable per-
mittivity structure. The density of holes determines the
value of the relative permittivity as established in [7]. This
density is varied by changing the angular distance da

between holes and keeping the radial distance dr constant

(see Fig. 4). The diameter of the holes is 4 mm, which repre-
sents 0.067l at 5 GHz. Equation (6) allows us to calculate the
different values of the synthesized permittivity from 1d to 1a,
the permittivity of the Teflon and the air, respectively.

1synth = 1dfd + 1afa = 1d − (1d − 1a)fa. (6)

The factor fd represents a volume ratio of the dielectric and fa

represents the volume ratio of the air inside the layer. In this
case, only air fills the holes, but they can be filled with other
dielectrics to achieve other ranges of permittivity values. To
build up the final prototype of the reflector, the only dielectric
used is Teflon, which has a permittivity of 2.2. Then, the range
of relative permittivity values (0.2–1.45) is shifted to (1.6–2.2).
As shown in Fig. 4, only one layer of Teflon with holes is used
to construct the different regions.

I V . R E S U L T S

Radiation patterns in copolarization obtained with CST
Microwave Studio (Transient solver) at 5 GHz are shown in
Fig. 5. As a source, a small horn antenna linearly polarized
along the z-axis is located at the focal point. A comparison

Fig. 2. Normalized |Ez| distribution at 5 GHz: (a) parabolic reflector, (b) flat reflector, and (c) PEC reflector.

Fig. 3. TE structure profile with discretized values of permittivity.

Fig. 4. (a) Front view of dielectric structure. (b) Front view in details: da angular distance and dr radial distance between holes.
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between the results obtained with structure with dispersive
parameters and the other one with non-dispersive parameters
is presented in order to see how the dispersive values affect the
performances. A slightly better performance in terms of gain
and half-power beamwidth (HPBW) of the dispersive struc-
ture is shown, whereas the non-dispersive structure presents
some degradation like higher levels of side lobes. However,
the performance is quite acceptable.

The gain obtained with the PEC surface as reflector is low
as expected. In terms of maximum gain, the dispersive struc-
ture’s one is 9.4 dB, which is 5 dB greater than the PEC reflec-
tor’s one. The non-dispersive structure presents a maximal
gain of 9.8 dB, which is higher than the dispersive reflector,
because of higher values of permittivity used in the non-
dispersive structure.

Then, HPBW is presented in Fig. 5(b). The HPBW of the
dispersive structure is 208, which is larger than the non-

dispersive one (168). Only u ¼ 908 planes (XY-plane) are pre-
sented in order to present the same plane as the 2D case
presented in Fig. 2 and because of the polarization along the
z-axis.

In Fig. 6, the radiation pattern of the structure with holes is
shown, in order to be compared with the dispersive and non-
dispersive structures presented before. The Teflon reflector is
positioned 5 mm from the horn antenna in order to minimize
the oscillations in the radiation pattern, which occur when the
reflector is in contact with the horn antenna. Results are rela-
tively close, the HPBW are 208, 168, and 218 for the dispersive,
non-dispersive structure and the drilled structure, respec-
tively. The maximal realized gain in the broadside direction
is 12.2 dB for the drilled reflector, which is higher than the
one of the other reflectors. This can be explained by the fact
that the values of permittivity are higher than in the other
cases. The back lobe level is higher in the case of the Teflon

Fig. 5. (a) Comparison of radiation patterns between three reflectors at 5 GHz. (b) Comparison of HPBW of dispersive and non-dispersive reflectors at 5 GHz.

Fig. 6. (a) Radiation patterns comparison between the dispersive and non-dispersive reflectors and the drilled one at 5 GHz. (b) Teflon reflector radiation patterns
at 4.8 and 5 GHz.
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with holes (26.8 dB) than in other cases (.210 dB). The
variation can be caused by the separation of 5 mm between
the horn antenna and the drilled dielectric. Finally, the behav-
ior of the drilled reflector versus frequency has been studied in
the operating bandwidth of horn antenna. The radiation
pattern at 4.8 and 5 GHz is presented in Fig. 6(b). It can be
seen that both radiation patterns are relatively similar in
terms of gain and HPBW.

V . C O N C L U S I O N

In this paper, we have proposed a method to design a flat
reflector in order to reduce the thickness of the structure,
based on TE principle and using dielectric materials only.
Choosing carefully the approximations and simplifications
to be made in the different components of the permeability
and the permittivity tensors of the material is important in
order to achieve a feasible structure. A comparison between
dispersive and non-dispersive flat reflector has demonstrated
that this last one has better performances in terms of gain
and HPBW. As the frequency is not taken into account in
the profile calculation, this method can be used at other fre-
quencies. Furthermore, we have demonstrated that different
values of permittivity can be achieved by varying the density
of holes in the different regions of the structure. This
low-cost method could be very useful to realize structures
with varying permittivity. Finally, the last results obtained
with drilled reflector are better than the previous configura-
tions in terms of gain and HPBW.
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