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In this letter, we design a perfect field rotator that is by itself invisible and can rotate the electro-
magnetic (EM) wave front. The device here is designed for a dielectric background and is composed
of merely an inner core with the same dielectric and an array of metal plates embedded in the air.
Its broadband functionality is also numerically demonstrated.
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Transformation optics [1, 2] offer versatile tools to de-
sign devices with novel functionalities [3-6], including
invisibility cloaks [7-17], field rotators [18], field con-
centrators [19], impedance-matched hyperlens [20], etc.
Among them, only a few have been implemented, such
as cloaks [7, 10, 11], carpet cloaks [13-16], field rotators
[21], omnidirectional retroreflectors [22], extreme-angle
lenses [23] and invisible gateways [24]. Field rotators [18],
which come from rotation mapping, are invisible and can
make objects inside them appear like rotated ones. Ex-
perimentally, an imperfect version [21] has been realized
with simply an array of metal plates embedded in the air.
Later on, layered structure [25] was proposed to design
a perfect one, and has been applied to rotate liquid sur-
face waves [26]. However, such a spiral layered structure
is not easy to implement for EM wave. In this letter, we
suggest a much simpler design of perfect field rotator for
a dielectric background, which is composed of two kinds
of isotropic materials. Numerical simulations are used to
confirm its rotation effects in a broadband spectrum.

We start from the field rotator, which is of nonmag-
netic response (u, = 1) for transverse magnetic (TM)
polarized waves (whose magnetic fields are along z- di-
rection), and has a permittivity tensor [18, 21]
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(t is a constant here). The field rotator is invisible and

can make objects inside it appear to be rotated images.

To implement such a device, we would like to in-
troduce the following anisotropic unit cells, i.e., metal
plates embedded in the air. For example, we suppose that
the plates have rectangular cross sections with lengths
ly; =1 mm and I, = 5 mm along x and y directions
respectively. The unit cells are of a square shape with
lengths @ = 6.25 mm (we choose such unit cells for
they will be used later). From the numerical simula-
tions, we could retrieve the effective permittivity tensor,
diag{e,, €,} = diag{1.19, 3.21}, and the effective per-
meability u, = 0.81 for TM waves [21, 27] at a frequency
of 8 GHz (or a wavelength of 37.5 mm, about 6 times of
the sizes of the unit cells). Figure 1(a) shows the mag-
netic field distribution for a “point” source (excited by
setting the magnetic field at a circular boundary H, =1
A/m) in front of an array of the above unit cells. The
field pattern is similar to that of the source in front of
an effective slab with the retrieved parameters, as plot-
ted in Fig. 1(b). Therefore, the effective parameters we
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Fig. 1 The magnetic field distribution for a source in front of
(a) an array of metal plates in the air, (b) an effective slab with
retrieved parameters.
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extract here are reliable and could be useful in further
designs.

Now, let us first use the above unit cells to design
an imperfect field rotator like that in Ref. [21]. We will
demonstrate that only an array of metal plates embed-
ded in the air could perform the rotation effect (despite
that the device is visible). The inner and outer radii of
the field rotator are set to be 12.5 mm and 50 mm. The
concentric shell is then divided into six shells, each with a
thickness of 6.25 mm. Each shell can also be divided into
unit cells each measuring 6.25 mm in the middle. The
unit cells have “fanlike” shape (Readers can find a more
detailed illustration in Fig. 1 of Ref. [21]). If a wavelength
is large enough (e.g., 37.5 mm used here, which is much
larger than 6.25 mm), the “fanlike” shape unit cells could
be seen as the above square-shaped unit cells approx-
imately. In the first step, the rectangular metal plates
are placed in the center of each cell with the longer side
aligned with the tangential direction (the 6- direction).
Secondly, each plate is rotated anticlockwise around its
center by an angle of 7/2 (set to be 38° here). Figure
2 (a) shows the magnetic field distribution for such a
device for an incident TM plane wave. In spite of some
scattering, the device produces a wave front rotation ef-
fect (with about 40°). Figure 2(b) shows the scattering
pattern for a device with ¢, = 1.19, ¢, = 3.21, 7 = 76°,
yet with a magnetic response p, = 0.81. The two similar
field patterns demonstrate again the validity of the effect
parameters. Now, let us keep the principal refractive in-
dexes unchanged so that we could have a reduced device
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without magnetic response (., = 1 now). The principal
permittivity values thus become ¢,, = 1.19x0.81 = 0.964
and £, = 3.21 x 0.81 = 2.6 . Figure 2(c) shows the
scattering pattern for such a reduced device, deviat-
ing slightly from the pattern in Fig. 2(b). The reduced
device here could be obtained by performing the rota-
tion mapping to a dielectric concentric shell with a per-
mittivity value & = 1/0.964 x 2.6 = 1.58. If the same
mapping is performed to the vacuum, we can obtain a
perfect field rotator with &/, = 0.964/1.58 = 0.61 and
gl = 2.6/1.58 = 1.64 (where ¢/, - ¢/, = 1 and t = 0.5,
which is why we set the above 7/2 = 38°). Figure 2(d)
shows the scattering pattern for the dielectric concentric
shell, whose outer part is identical to that in Fig. 2(c)
outside the device. From the resembling far field scatter-
ing patterns in each subfigure of Fig. 2, we can find that
the devices in Figs. 2(a), (b), and (c) work as if they
have an effect permittivity value [as that of Fig. 2(d)].
If we change the permittivity of the background and the
inner core to be that value, the scattering would be re-
duced or even eliminated due to the impedance matching
conditions.

For example, we plot the scattering field pattern in
Fig. 3(a) by replacing the air background and inner core
into a dielectric with a permittivity value of 1.58. The de-
vice now causes little scattering, which comes from the
above reduction with the principal refractive indexes un-
changed. Numerically, we find that a permittivity value
of 1.4 offers a much better functionality (which could be
regarded as a perfect one), as shown in Fig. 3(b). Such
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Fig. 2 The scattering pattern for (a) an imperfect field rotator composed of an array of metal plates in the air, (b) a
device with e, = 1.19, &, = 3.21, and p. = 0.81, (c) a device with e, = 0.964, ¢, = 2.6, and p. = 1, (d) a dielectric

concentric shell of & = 1.58.
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Fig. 3 The scattering pattern for the imperfect field rotator in Fig. 2(a) but with the air background and inner core
replaced by a dielectric with a permittivity value of (a) € = 1.58 at 8 GHz, (b) € = 1.4 at 8 GHz, (¢) £ = 1.4 at 6 GHz,

(d) €=1.4 at 10 GHz.
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Fig. 4 The scattering pattern for (a) the designed perfect field rotator (£ = 1.4) with a metal plate embedded inside the
dielectric core, (b) a metal plate (but with a 40° rotation) embedded inside the dielectric (£ = 1.4). The frequencies are

set to be 8 GHz.

a device can also work in a broadband frequency range.
For example, we plot in Figs. 3(c) and (d) the invisible
behaviors for other frequencies (such as 6 GHz and 10
GHz respectively).

Finally, let us see what happens when we embed ob-
jects inside the dielectric inner core. Can the designed
device perform good rotation effects [18]7 Figure 4(a)
shows the scattering pattern if a metal plate is embedded
inside the inner core. The pattern is almost identical to
that of the metal plate (yet rotated clockwise around its
center by an angle of 40°) in the dielectric background,
as shown in Fig. 4(b). Therefore, we illustrate here the
good rotation effect using such a simple design.

In conclusion, we propose a design of broadband per-
fect field rotator. The device is designed for a dielectric
background and is composed of merely a dielectric inner

core and an array of metal plates in the air. It is so simple
that it can not only work for microwave frequencies here
but also could be easily extended to higher frequencies,
such as terahertz or infrared frequencies [28, 29], except
for some absorption from the metal plates.
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