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Abstract:  We demonstrate both experimentally and theoretically that a
two-layer dielectric structure can provide collimation and enhanced trans-
mission of a Gaussian beam passing through it. This is due to formation
of surface localized states along the layered structure and the coupling of
these states to outgoing propagating waves. A system of multiple cascading
two-layers can sustain the beaming for large propagation distances.
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1. Introduction

Highly directional light emission has been found to occur in metallic subwavelength apertures
when the metal surrounding them features surface corrugations [1, 2]. The enhanced direction-
ality and transmission is is due to these surface corrugations that enable the coupling of the
highly confined at the metal surface and non-radiative surface plasmon polaritons to outgo-
ing propagating modes. Beaming in metallic structures is extensively investigated and various
configurations for the manipulation of the propagating waves have been proposed [3-6]. In
analogy to the surface plasmon polaritons which under certain conditions propagate strongly
bound to a metal-dielectric interface, it has been shown that similar surface states can be sup-
ported by dielectric photonic crystals [7-10]. The excitation of the surface waves in photonic
crystals requires the appropriate termination of the bulk periodic structure which may consist
of a modified layer with different geometrical parameters than those of the bulk photonic crys-
tal. Similarly to the metallic surface corrugations, a layer of scatterers on top of the modified
layer, often call grating layer, facilities the coupling of the surface waves to radiation modes
and results in enhanced beaming [11-13]. Apart from the photonic crystals, it has been discov-
ered that even a single dielectric layer can support such surface states, i.e. states extended along
the layer and localized in the perpendicular direction [14]. The surface states in this case are
nothing else than the resonant guided mode of the dielectric layer. Placing a proper additional
grating layer provides coupling to the radiation modes and directional propagation and by us-
ing several two-layer structures, also referred as bilayers, the beaming can be sustained for long
distances. In 2008, Dai et al. [15], demonstrated theoretically that a multiple bilayer dielectric
structure may give excellent beaming and enhanced transmission simultaneously of a Gaussian
source. The first layer of each bilayer supports surface states and the rear, grading layer couples
the surface states to radiation modes. It has been proven that multiple bilayers can enforce and
sustain the collimation and high transmission at long distances. This paper presents the exper-
imental proof of the bilayers converging and guiding ability and a numerical analysis which
further supports the argument. The experiments are conducted in the microwave regime involv-
ing mm-scale structures. Given that the materials involved are dielectrics, the bilayer structure
can be scaled down to um, giving the same beaming response also in the optical regime.

2. Systemsand investigation methods

The schematic of a double bilayers structure is presented in Fig. 1(a). The first layer of each
bilayer consists of 35 alumina circular rods with a lattice constant of oo = 11 mm, while the
second layer of square alumina rods with lattice constant b = 2o (dimensions in Fig. 1 label).
The distance between the circular and the square rods is equal to o and the dielectric constant
of rods is equal to 9.6. The distance between the cascading bilayers is d and much larger than
the lattice constant, varying between 10b and 30b. The experimental setup is presented in Fig.
1(b). It consists of an HP E8364B network analyser, a horn antenna as the transmitter and a
dipole antenna as the receiver. The horn antenna transmits a Gaussian beam with E polarization
(the electric field parallel to the dielectric rods) and the dipole antenna scans the 2D experimen-
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Fig. 1. (a) Schematic of a double bilayer structure. Each bilayer is composed of a surface
layer of dielectric cylindrical rods, diameter D = 1.83 mm, and a grating layer made of
rectangular rods, side length L = 3.15 mm.(b) Experimental configuration.

tal table, measuring the intensity of the local field close to the structure and the propagation,
diffraction and interference of the outgoing waves. The scanning area of the receiver covers the
front face of the dielectric rods along the lateral direction and extends to 0.76 m along the prop-
agation direction. The numerical investigation of the structure is conducted via the commercial
finite element method software COMSOL MULTIPHYSICS [16].

3. Numerical investigation of a single layer of dielectric rods

Our study begins by exploring the properties of the surface states or guided waves supported
by a single layer of dielectric cylindrical rods. i.e waves bound to the interface between the
dielectric rods and the air; here in after this layer is referred as surface layer. We keep the term
surface (rather than guided) to characterize these modes as more general and linking to the
existing studies of beaming in PCs and plasmonic systems. The band structure of the surface
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Fig. 2. (a) Band structure of an infinite layer of cylindrical rods (structure drawing on top of
the plot). The black line shows the light line and the red curve corresponds to the dispersion
of the surface mode. Inset shows the field distribution of the surface mode. (b) Profile of the
local field for the finite surface layer. The structure consists of the finite surface layer and
a single square scatterer placed before the surface layer, at distance equal to o (structure
drawing on top of the plot). The local field is calculated at a short distance, equal to o/2,
behind the surface layer within the frequency range of 5-13 GHz.

mode in an infinite surface layer can be identified by employing a large enough supercell in the
plane wave expansion method [17] and it is presented in Fig. 2(a). The dispersion curve of the
evanescent surface states is found to lie below the light cone in the range of 7.5-12.2 GHz and
the field distribution of the mode is presented in the inset of Fig. 2(a). Given that these states
are characterized by a zero k perpendicular component, they cannot be excited by a normally
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incident plane wave. Initially, for the investigation of the surface waves in the finite surface layer
of the bilayer under consideration, a single square rod is place between the source antenna and
the surface layer. Diffraction form the single rod allows for the generation of waves that have all
k parallel components. These diffracted waves can couple with the surface mode and propagate
along the lateral direction. Numerical simulations for this configuration are presented in Fig.
2(b); here the profile of the field at the front face of the finite surface layer within the frequency
range of 5-13 GHz is demonstrated. As shown surface waves are excited for frequencies greater
than 7 GHz, their intensity is enhanced as frequency increases and reaches a maximum at 11.8
GHz. For greater frequency values the surface modes are suppressed. The surface profile of the
finite layer following the single square rod stands in accordance with the band structure of the
infinite layer. Some discrepancy is attributed to the finite number of rods of the surface layer.

4. Experiments and simulations of beaming in a bilayer structure and in multiple cas-
cading bilayers

The surface wave leads to wider field distribution and reduced transmission along the prop-
agation direction and in order to achieve enhanced beaming, the surface energy needs to be
converted into outgoing radiation. This is achieved by adding the grating-like second layer. The
grating layer apart from enabling the excitation of the surface waves allows for the coupling of
their energy to radiation modes, which translates into the improved beaming of the outgoing
field. Each rod diffracts the surface energy and the beaming is a result of constructive inter-
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Fig. 3. Experimental 2D strength plot of the outgoing field at (a) 11.55 GHz and (b) 12.04
GHz, (c) and (d) corresponding numerical simulations for the one bilayer case. (e) Experi-
mental x cross section strength profile of the field measured at the y end of the experimental
table (0.7 m from the sample) in the range 10-12.5 GHz and (f) corresponding simulation.

ference in the forward direction. The physical origin of the beaming is the same as thoroughly
discussed in [11].The experimental and numerical study of the bilayer structure is presented in
Fig. 3. The rods are placed at a fixed distance away from the horn antenna and the receiver scans
the bilayer posterior area both in x and y directions and in the frequency range of 10-12.5 GHz.
Figure 3(e) demonstrates the x cross section strength profile of the field measured at the y end
of the experimental table (0.7 m away from the sample) with respect to the frequency. The cor-
responding simulated profile is presented in Fig. 3(f); experimental and theoretical data stand in
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good agreement. The results indicate that bilayer is characterized by a dispersive ability to pro-
vide good convergence and beaming. As shown, in the frequency range of 11.2-11.8 GHz the
field distribution is narrow and the intensity is high, that is beaming is optimum. For lower and
higher frequencies the field distribution becomes wider and at certain values the beam may also
spilt. Figures 3(a)-3(d) demonstrate the experimental and simulated 2D profile of the outgoing
field and at the optimum frequency of 11.55 GHz, where the good converge and beaming is
observed, and at the frequency of 12.04 GHz, where beam splitting occurs. The 2D plot begins
from the front face of the grating layer and extends to 0.7 m along the propagation direction.
Looking at the proximity of the grating layer, is it observed that the normally incident field is
diffracted form the grating rods and constructive inference of the diffracted waves leads to the
formation of the beam at the aforementioned frequency range.
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Fig. 4. Normalized transmission of the two bilayer structure with respect to the separation
distance d, experimental (red curve), simulated (black curve) and fitted data (blue curve).

The optimum beaming frequency 11.55 GHz is selected as the working frequency for the
design of a double bilayer system. Two identical bilayers are placed at a variable, and yet to be
determined, separation distance d and the source is normally incident to the first bilayer. The
area between the two bilayers acts as a Fabry-Perot cavity which ensures high transmission,
while the second bilayer cancels the divergence of the beam and provides enhanced collimation
for the outgoing field at the designed frequency. Figure 4 presents the transmission of the two
bilayer case as a function of the separation distance d. The transmission is calculated as the line
integral of the normalized field at the y end of the experimental table. The red curve corresponds
to the experimental data, while the black curve represents the simulated transmission; the results
stand in good agreement. Assuming that the beam diverges slowly during the propagation, the
transmission properties of the two bilayer system can be interpreted analytically based on the
one mode assumption [15, 18]. The fitted data are presented in Fig. 4 (blue curve) and as the
results indicate, the transmission is a periodic function of the separation distance d; the period
is equal to A /2 (13 mm) of the working wavelength. The transmission maxima are found at d
=202 mm, 215 mm, ..., 202 mm + nA /2, n being an integer. Given the restricted divergence of
the field (Fig. 3(a)) and the good agreement between the experiment and the theory it is safe to
say that the transmission function can be extrapolated at larger separation distance d.

For the experimental investigation of the double bilayer structure we choose the separation
distance d to be equal to 566 mm. The receiver dipole antenna scans the area between the two
bilayers, omits the area where the second bilayer stands and the measurement is completed
by scanning the area following the second bilayer. Like in the single bilayer case, Fig. 5(a)
presents the x cross section profile of the field strength measured at the maximum propagation
distance of the experimental table (0.7 m away from the sample) as a function of the frequency
(10-12.5 GHz); the results are numerically verified by the corresponding simulation shown in
Fig. 5(b). As expected the optimum convergence occurs at 11.55 GHz. Figures 5(c) and 5(d)
present the 2D profile of the field at the working frequency. Close to the grating layers one

#213561 - $15.00 USD Received 6 Jun 2014; revised 6 Aug 2014; accepted 7 Aug 2014; published 15 Sep 2014
(C) 2014 OSA 22 September 2014 | Vol. 22, No. 19 | DOI:10.1364/0OE.22.023147 | OPTICS EXPRESS 23151



observes the diffraction and the interference of the waves, between the two bilayers the Fabry-
Perot phenomena and at the exit of the second bilayer the collimation of the beam. Enhanced
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Fig. 5. (a) Experimental x cross section strength profile of the field measured at the end of
the experimental table within the range of 10-12.5 GHz and (b) correspond numerical sim-
ulation. (c) Experimental 2D strength plot of the outgoing field at the optimum frequency
11.55 GHz and (b) corresponding numerical simulations for the two bilayer case.

collimation and transmission can be achieved by using multiple cascading bilayers. Figures 6(a)
and 6(b) presents the simulated 2D plot of the field strength for a structure of two bilayers and
a structure of four bilayers at 11.55 GHz and figure 6(c) plots the normalized field distribution
of the two structures at a propagation distance equal to 2.6 m (100A). It is obvious that the four
bilayer is capable of cancelling the divergence of the beam and provides better transmission.
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Fig. 6. Simulation of the 2D field strength for the case of (a) two bilayer and (b) four bilayer
structure. (¢) Normalized x cross section field distribution for the two and four bilayer case
at a propagation distance of 100A.

5. Conclusions

In this work, we have demonstrated experimentally and theoretically that under certain circum-
stances the transmission of a Gaussian beam through a bilayer dielectric structure can result in
enhanced transmission and beaming. Moreover by arranging multiple cascading bilayers one
can ensure the repeatedly refocusing of the beam and the high transmission at large distances.
Due to its simple design, the bilayer has a discrete advantage in all practical applications re-
lated with non-diffractive propagation, guiding and steering of the electromagnetic radiation,
including long distance wireless energy propagation, coupling of optical elements etc.
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