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Highly-directive polymeric quasicrystalline antenna
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The development of optical antennas is a critical challenge in modern photonics. Contemporary technological
capabilities for fabricating such elements impose several constraints, including planar modulation of dielectric
permittivity. Additionally, it is desirable to use low-absorption materials with a low refractive index. This study
presents the results of the design and investigation of dielectric nanoantennas based on low-contrast quasicrystalline
structures, which enable the formation of a radiation pattern from a dipole source. The material distribution within
the structure is determined using an inverse design method and computational optimization to achieve the maximum
gain coefficient. Theoretical analysis of the optimized optical antenna properties demonstrates a radiation gain of
up to 10 dBi when using materials with a refractive index of 1.48.
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Introduction

Recent decades have witnessed rapid development in the
study of artificial media for electromagnetic field control,
such as photonic crystals (PCs) and metamaterials com-
posed of artificial meta-atoms with resonant properties [1].
In PCs, the refractive index distribution exhibits periodic
modulation resulting in allowed and forbidden states [2].
Special interest lies in the band structure analysis, as it opens
applied possibilities for controlling spontaneous emission in
nanoscale photonic devices. In most cases, optical emission
is due to electronic dipole transitions, the probability of
which depends not only on the matrix element but also
on the local density of photonic states (LDOS), known
as the Purcell effect. At frequencies corresponding to
the photonic bandgap, there are no electromagnetic field
states, so electronic emission transitions do not occur.
In contrast, near bandgap edges, the LDOS values are
high, accelerating emission by increasing the electronic
transition probability. Remarkably, the LDOS is defined
not only for periodic structures but also for arbitrary
dielectric environments surrounding the emitter. This opens
prospects for creating efficient nanoantennas, i.e., optical-
range antennas. A nanoantenna converts strongly localized
electromagnetic fields created by a dipole source into elec-
tromagnetic waves in free space and vice versa. Since the
2010s, active research has been published on nanoantenna
design and practical implementation due to progress in 3D
nanotechnologies [3-5]. Nanoantennas find applications in
biosensing [6], spectroscopy [7], optical trapping [8], and
optical computing [9]. Additionally, they are crucial in
prospective quantum data transmission systems requiring
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efficient transfer of optical signals between parts of quantum
transmission lines [9].

Typically, nanoantenna design is based on known radio
physics configurations and intuitive considerations. An
alternative approach is inverse design methods employing
numerical optimization [10,11]. These methods lead to
complex material distributions but demonstrate higher per-
formance compared to occasional analogs. Most inverse
design techniques define target electromagnetic device
properties, after which an algorithm finds a structure
meeting those requirements. This somewhat resembles
holography methods [12]. Recently [13,14], quasicrystalline
structures based on reciprocal-space modification were
reported, forming full photonic bandgaps in 2D and 3D
media at low dielectric contrast. A similar approach enabled
the development of optically transparent quasicrystalline
structures with wavelength- and angle-dependent selective
scattering [15,16].  These structures rely on multiple
sinusoidal lattices with individual angular coordinates in
reciprocal space. It is important to emphasize that, since
the band structure of quasicrystalline systems can depend
directly on lattice orientation, they can be optimized for
high gain in optical antennas based on them.

In this work, we propose low-contrast nanoantennas
based on quasicrystalline structures for enhancing dipole
source emission at the stop-band edge wavelength (Fig. 1).
The material distribution within the structure is found
using an inverse design method. A set of lattices with
random angular coordinates in reciprocal space is optimized
to achieve maximum nanoantenna gain. Calculations are
performed for structures made of material with a refractive
index of 1.48, corresponding to available materials (silicon
dioxide, polymers, etc.). As a result of optimization, the
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Figure 1. (a) Radiation pattern of an elementary dipole.
(b) Radiation pattern of an elementary dipole embedded in the
center of a quasicrystalline structure. Emission wavelength is
A = 1550 nm.

focused emission gain of the nanoantenna exceeds twice
that of the pre-optimization structure.

Structure Design

A quasicrystalline photonic structure is formed by the
Fourier transform of maxima (delta-like peaks) arranged
on a circle in reciprocal space with individual angular
coordinates but equal amplitude and phase. In direct space,
the material distribution of the formed structure will have
a continuous refractive index. For experimental feasibility,
the photonic structure is binarized, producing a structure
made of two materials with different refractive indices.
Mathematically, the binary refractive index distribution can
be represented as follows:

Np(r) = @{%sin(ki -r)}, (1)

where O is the Heaviside function, N is the total number of
maxima on the reciprocal space circle, k; is the direction
to the maximum with index i. Note that two maxima
are actually used because the Fourier transform of a
sinusoidal function corresponds to two delta-like peaks with
coordinates £k;j in reciprocal space. Each lattice has the
same period a = 526nm, so the distance from the circle
center to each maximum is |ki| = ko =2x/a. Fig. 2,a
shows the distribution of ten lattices on a circle in reciprocal
space with random angular coordinates ¢;.

In the equation above, the Heaviside function defines
the binarization procedure. The binary refractive index
distribution ny(r) will be zero for negative Fourier transform
values and one for positive values. Let zero correspond
to air refractive index Ny = 1. Ones represent material
n, = 1.48, characteristic of widely available dielectrics such
as polymers or silicon dioxide. Additionally, it is assumed
the material has low absorption tand = 0.001. Note that
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the binarization results in a filling factor of 50% for both
materials.

Because the emission pattern of a dipole source (Fig. 1,a)
has a toroidal shape, we restrict the refractive index
distribution in direct space within a disk shape of base
diameter L = 8a and height h=2a. Fig. 2,b shows an
example of such a structure based on randomly distributed
angular lattice coordinates in reciprocal space.

Structure Optimization

Numerical modeling presented in this work was per-
formed using the commercial software CST Studio Suite.
An elementary dipole oriented along the z-axis was placed
at the center of the quasicrystalline structure (Fig. 2,b).
The source was surrounded directly by air filling a small
cylindrical space. The variation in dipole radiation char-
acteristics is due to the change in LDOS. Note that a
significant increase in LDOS was previously observed at the
edges of 1D PC stop-bands [17]. This effect is explained
by the reduced modal group velocity Sw/Sk near stop-
band edges compared to free space modal group velocity,
leading to enhanced LDOS at the emitter location [18]. The
increase in the LDOS can be found from the power radiated
by the dipole, P knowing the real part of the radiation
impedance [19]. The obtained value is normalized by the
radiation of a dipole Py in a homogeneous medium with
the average refractive index of the structure. Fig. 3, ¢ shows
the normalized power spectrum of the dipole radiation
for a random distribution of lattice directions in the
quasicrystalline structure. The spectrum demonstrates a
band of radiation suppression (photonic bandgap) around
the wavelength of 1370nm. For the telecommunications
wavelength 4 = 1550nm an enhancement of the radiated
power compared to the homogeneous medium is observed.
It is known that in the far field of the dipole radiation, the
electric and magnetic field vectors are in phase. Therefore,
efficient energy transfer to the far field is expected at the
wavelength of 1550 nm [20).

An important characteristic of nanoantennas is the radi-
ation directivity, i.e., the gain of transmitted and received
power in a specific direction. The radiation directiv-
ity is characterized by the directivity coefficient (DC):
D(6, ¢) = 47P(6, ¢)/Piot, where P(0, ¢) is the radiated
power density in the direction of spherical angular co-
ordinates (0, ¢), Pio is the total radiated power in all
directions. A parameter that takes into account losses in
the materials forming the quasicrystalline structure is the
gain coefficient (GC) G, which is unambiguously related to
the DC G =D, where 0 <17 < 1 is the efficiency factor.
Fig. 2,d shows the three-dimensional radiation pattern of a
dipole located at the center of the quasicrystalline structure
at the wavelength 1550nm. The non-optimized optical
antenna exhibits a maximum GC of Gy = 5.25dBi and a
main lobe width of 43°. It is generally accepted that highly
directional antennas have a main lobe beamwidth of several
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Figure 2. (a) Schematic representation of ten maxima in reciprocal space with random angular lattice coordinates ;. (b) Image of
the generated quasicrystalline structure based on random angular lattice coordinates. (c) Normalized power spectrum of emission of an
elementary dipole embedded in the center of the quasicrystalline structure. (d) Radiation pattern of an elementary dipole embedded in
the center of the quasicrystalline structure. Emission wavelength is 4 = 1550 nm.

degrees (5 —20°), and a GC of about 10dBi. Thus, the
non-optimized quasicrystalline antenna system is not highly
directional.

Nanoantenna Optimization

The main goal of the optimization was to determine the
geometry of the quasicrystalline nanoantenna that provides
high directivity of the dipole source emission in a selected
direction. To do this, a two-stage optimization procedure
was applied. At the first stage, an iterative Bayesian
algorithm [21] was used, based on the search for minima
of a function with an a priori unknown number of local
extrema. The geometry of the structure, the maximum GC
Go and direction of gain depend on the polar coordinates
of the lattices «;. Thus, the mathematical formulation of
the problem reduces to the search for the global maximum
Gm of the objective function of our system Go(«i), ie.

maximizing the GC Gy by varying the polar coordinates of
the lattices:

Gm= max Go(ai).

0<a; <27

(2)

Bayesian optimization uses a probabilistic model based on
Gaussian processes to predict the objective function values
at points where it has not yet been evaluated. The advantage
of this approach is its efficiency in optimizing resource-
intensive functions that require significant computational
effort. At each optimization step, the algorithm constructs a
probabilistic interpolation of the objective function between
its known values corresponding to «; sets obtained at
previous iterations. A Gaussian process models the prior
distribution and determines a utility function based on which
the most probable values in the ¢; parameter set are chosen
for the next iteration step. Thus, Bayesian optimization
minimizes the number of objective function evaluations but
increases the mathematical complexity of determining the
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Figure 3. Graph of the maximum gain coefficient dependence on
iteration number obtained by Bayesian optimization method (blue
line) and local-jump optimization (red line). The green dashed line
shows the approximation function. The inset shows convergence
curve in logarithmic scale.

next step as the problem’s dimensionality grows. Therefore,
at some point, Bayesian optimization becomes less effective
than other methods.

On the first iteration, a randomly generated set of angular
coordinatese; (Fig. 2,a) was used. Calculation of the far-
field radiation pattern was performed at the wavelength
A =1550nm. At each iteration, the Bayesian optimization
algorithm calculates the objective function and adjusts the
polar coordinate values ¢; to improve the expected objective
function value at the next step.

The computation time for the objective function was
approximately 40s using our computational resources. The
execution time of the initial iterations was comparable to
the objective function evaluation time, but increased as
the number of iterations grew. The Bayesian optimization
process was stopped after 800 iterations since one iteration
took about an hour. Figure 3 shows in blue the dependence
of the maximum GC on the iteration number obtained by
Bayesian optimization. The GC maximum increases with
iteration number and tends toward 10dBi. Visually, the
graph reaches a plateau at Gy = 9.24 dBi. The inset shows
the convergence curve of the GC maximum versus iteration
number on a logarithmic scale. The presented dependence is
linear and can be approximated by the logarithmic function
Go(n) ~ 3lg(n+ 1) + 0.3, where n is the iteration number.
The approximation function is shown by a green dashed
line, which describes the convergence curve well.

Next, to refine the quasicrystalline structure design after
the Bayesian algorithm, we used the local-jump optimization
method (basin-hopping) [22]. This algorithm combines two
key approaches: random perturbation of system parameters
followed by local optimization and a probabilistic accep-
tance criterion for new ¢; sets. The initial iteration used the
angular coordinates obtained from Bayesian optimization.
We expected to further improve on the results from the
previous stage.
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In Figure 3, the red line shows the dependence of
the maximum GC on iteration number obtained by local-
jump optimization. The study included 800 iterations with
40 seconds computation time per iteration. As a result,
the GC was maximized to Gy = 9.92dBi. The observed
dependence is well described by the previously proposed
approximation function (green dashed line).

We analyzed the geometry of the optimized structure
obtained by the local-jump algorithm. Optimization results
for lattice polar coordinates are presented in Fig. 4,a.
Most maxima on the circle are concentrated at the pole
in the positive direction of the ky axis. The geometry
of the optimized quasicrystalline antenna in direct space
is shown in Fig. 4,b. Visually, the material distribution
resembles a Bragg lattice with alternating layers along the y-
axis. The normalized emission power spectrum P/Py in
Fig. 4, ¢ shows a maximum near the wavelength 1620 nm.
Although the LDOS peak is shifted relative to the expected
wavelength of 1550 nm, the emission power enhancement
effect manifests in a narrow band around the LDOS peak.
Fig. 4,d shows the three-dimensional radiation pattern of
the considered structure at 1550,nm wavelength. The main
lobe is primarily directed along the positive y-axis direction,
and the emission intensity in the opposite direction is
significantly suppressed. The main lobe width is 20°,
and the GC maximum reaches Gy = 9.92dBi. From this,
it can be concluded that the optimized quasicrystalline
structure realizes a highly directional nanoantenna mode
with specified characteristics.

Discussion of Results

Since the design in reciprocal space is unrestricted (unlike
periodic photonic analogs), the characteristics of the pro-
posed antenna system can be modified. Using optimization
methods, we can shape focused emission of the embedded
dipole source toward more than one direction. Compared
to highly directional plasmonic antennas, our design exhibits
significantly lower dissipative losses (tand =~ 1073) due
to the use of a dielectric material with low refractive
index contrast and elimination of resistive loads. Modern
electron-beam lithography techniques make it possible to
fabricate the proposed structure with nanometer precision
from available optically transparent polymers. The use
of low-contrast dielectric materials in the design of our
antenna also offers advantages over nanoantennas with high
dielectric permittivity in optical information transmission
systems, as they exhibit a low reflection coefficient when
receiving signals.

Conclusion

Thus, we have demonstrated a dielectric nanoantenna
based on a quasicrystalline structure with a low material
contrast of 1.48, designed using the inverse design method
in reciprocal space. In reciprocal space, the random
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Figure 4. (a) Schematic representation of ten maxima in reciprocal space with lattice angular coordinates «; obtained by optimization.
(b) Image of the generated quasicrystalline structure based on optimized angular lattice coordinates. (¢) Normalized power spectrum of
emission of an elementary dipole embedded in the center of the quasicrystalline structure. (d) Radiation pattern of an elementary dipole
embedded in the center of the quasicrystalline structure. Emission wavelength is 2 = 1550 nm.

distribution of maxima along the circle corresponds to
a set of lattices in direct space. To achieve directional
enhancement of the embedded dipole source, we optimized
the random angular coordinates of the lattices. Focused
emission enhancement in such a structure is observed near
the boundary frequency of the stop-band. We showed
that the gain coefficient reaches 10dBi in the optimized
structure. Antennas of this type may find application in
optical information transmission and computing systems.
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