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Abstract: In this paper, a novel nano antenna with two radiation modes is introduced.
The structure of this nano antenna consists of a ring coupler and two patch antennas
placed on a SiO, substrate. The direction of the main lobe of the radiation pattern of this
nano antenna can be adjusted to be either in the broadside or the endfire direction. The
proposed nano antenna is optimized to minimize the losses and to maximize the radiation
efficiency in addition to achieve maximum discrimination between the two desired directions
of the main beam. In optimizing the proposed structure, the computationally expensive full-
wave electromagnetic simulation is replaced by cheaper surrogate models, which are kriging
models. Two optimization techniques, namely multi-objective particle swarm with preference
ranking organization METHod for enrichment evaluations method and design centering
using the normed distances, are used to obtain the optimal values of the design parameters.
A convergence test is performed to ensure the validity of the obtained simulation results. A
sensitivity analysis is performed to show how the manufacturing tolerance in each design
parameter is affecting the performance of the proposed nano antenna.

Index Terms: Plasmonics, nano antennas, two radiation modes, kriging models, design
centering, multi-objective particle swarm.

1. Introduction

The concept of the reconfigurable/adjustable antenna is to use a single antenna to perform dif-
ferently from the points of view of the operating frequency, polarization, or radiation pattern. Re-
configurable antennas are suitable for many applications especially when several operating modes
are required from a single antenna. These applications include Multiple Input Multiple Output
(MIMO) communication systems [1]-[9], cellular and personal communication systems [10]-[13],
interference rejection [14], [15], wireless network security [16], and military applications [17]. A
reconfigurable nano antenna is a reconfigurable antenna which operates in the optical range of
frequency. Consequently, its dimensions should be scaled down to the nanometer scale.

Nano antenna can efficiently convert free propagating optical electromagnetic wave into localized
or guided wave and vice versa. Nowadays, there exist several publications in reconfigurable nano
antennas. For example, a frequency reconfigurable nano antenna is designed in [18] by changing
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the bias on the graphene. A reconfigurable multiple-input multiple-output graphene based antenna
is proposed in [6]. A frequency reconfigurable antenna based on graphene stack is introduced in
[19]. In [20], a multi-resonance operation is achieved from a log-periodic toothed nano antenna
based on graphene. In [21], a nano antenna that is capable of reversing the radiation direction at
the same resonance frequency is designed. In [22], a beam reconfigurable antenna operating in
the THz band is proposed. This antenna consists of two layer of graphene and its radiation direction
can be controlled through changing the bias voltage applied on each layer. In [23], a leaky-wave
antenna is used to construct a reconfigurable antenna that allows both frequency tuning and beam
steering in the terahertz band. In [24], a dual-polarized nano antenna that can manipulate the two
orthogonal polarizations is introduced.

A novel design of reconfigurable nano antenna along with its optimization are introduced in this
work. This nano antenna has the ability to switch its radiation lobe direction to alternate between two
perpendicular directions, the broadside and the endfire direction. The former direction is perpendic-
ular to the plane of the antenna, while the latter is tangential to the antenna’s plane. The operating
frequency of the antenna is 193 THz, which is commonly used by optical communication systems.
In this frequency regime, the metals don’t behave as perfect conductors, and allow electromagnetic
field to penetrate them to some extent, which leads to losses. The optimization of the antenna aims
to minimize these losses, minimize the deviation of the main lobe from the ideal broadside and
endfire directions, and to maximize the radiation efficiency. The design is performed in three steps:
a ring coupler is designed, then a rectangular patch is prepared, and finally two such patches
are connected to the ring coupler to finalize the proposed radiating system. The optimization is
performed on each design step. Entire-based optimization is performed on the overall antenna and
its results are compared with the component-based optimization results.

The optimization of the proposed nano antenna requires multitude function evaluations. Each
evaluation is performed by running a computationally expensive full-wave electromagnetic sim-
ulation using CST Microwave Studio [25]. This renders the optimization process very slow and
consequently it may be prohibitive. To overcome this problem, the direct optimization of the exact
high-fidelity model of the antenna is replaced by iterative updating and re-optimization of a cheaper
surrogate model. Surrogate model may be a physical or mathematical model. The physical models
are constructed based on particular knowledge about the physical system. They are more expen-
sive to evaluate than the mathematical models. Furthermore, physical models are usually dedicated
and so they can’t be reused in other systems. On the other hand, mathematical models can be
constructed without any knowledge of the physical system, which makes them generic. Such mod-
els based on algebraic models, are often very cheap in evaluation but they require considerable
amount of data to ensure reasonable accuracy.

In this paper, a mathematical model called the kriging model which is developed by Krige [26] is
used to build surrogate models [27], [28] of the responses of the nano antenna. Kriging is an inter-
polation method that predicates unknown output values at unsampled locations. After constructing
the cheap surrogate models for the antenna responses, optimal values of the design parameters
are obtained by applying optimization techniques on the surrogate models. In this work, two dif-
ferent optimization approaches are used in finding the optimal design. The first is a multi-objective
optimization algorithm which handles simultaneous optimization of two or more conflicting objec-
tive functions. In Multi-Objective Optimization Problems (MOPSs), there is no single solution that
is always the best when measured on all objectives but rather there exist a set of alternative so-
lutions. This set of solutions forms the pareto optimal set [29]. The points in the pareto optimal
set are characterized by the fact that their cost cannot be improved in one objective without being
worsened from the points of view of other objectives. In our work, we use Multi-Objective Parti-
cle Swarm Optimizer (MOPSO) [30], [31] to solve the multi-objective optimization problem. After
obtaining the pareto optimal set, Preference Ranking Organization METHod for Enrichment Eval-
uations (PROMETHEE) [32] is applied to obtain a single point. The second optimization approach
used in finding the optimal design is a design centering approach. Design centering is a process
that attempts to find the best nominal values of the system design parameters which make the
design more robust against the system fluctuations [33]. In implementing this approach, the original
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Port 2

Fig. 1. Structure of the ring coupler.

multi-objective optimization problem is reformulated by specifying bounds on the design objective
functions and so the optimization problem is transformed to find a design point that satisfies a set
of constraints (design specifications). There exist a multitude of design points that satisfy these
design specifications, however design centering seeks for the nominal design parameter values
that maximize the probability of satisfying the design specifications (yield function). Hence in this
paper, the aim of using the design centering in the optimization of the proposed nano antenna is to
obtain a design point which is immune against the statistical fluctuations of the design parameters
with the possibility of reducing the computational effort required in comparison with the computa-
tional cost required in the multi-objective optimization algorithms. In general, there are two main
approaches for solving the design centering optimization problem. The first is a statistical approach
which maximizes the yield function explicitly while the second is geometrical approach in which
the yield function is implicitly maximized through approximating the feasible region constructed by
the design specifications by using a geometrical body whose center is taken as the design center
[34]1-[36]. In this work, a geometrical design centering method which is the normed distances [35],
[36] is used. The results of the two optimization approaches are compared and it can be verified
that the design centering approach gives more immune design against the fluctuations that may
occur in the design parameters and reduces the computational effort and so it is more preferable.

Section 2 presents the proposed reconfigurable nano antenna whose performance is opti-
mized using the optimization techniques introduced in Section 3. The optimization results are
demonstrated in Section 4. The effect of varying the design parameters on the antenna perfor-
mance is presented in the form of a sensitivity analysis in Section 5. The paper is concluded in
Section 6.

2. Proposed Reconfigurable Nano Antenna

The proposed nano antenna is constructed by exploiting the ring coupler and the rectangular patch
antenna. The ring coupler (rate-race coupler) is a 3 dB coupler [37]. It consists of a ring connected
to four plasmonic strip transmission lines, as shown in Fig. 1. Each transmission line is terminated
by an input/output port. The points of connection between the ring and the transmission lines are
selected to be at equi-distances along one half of the ring, as shown in Fig. 1.

The scattering matrix characterizing an ideal ring coupler is

01 1 0

_—ji|1 0 0o 1

S=%[10 0 -1 M
01 -1 0
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Fig. 3. Structure of the proposed reconfigurable nano antenna.

The function of the ring coupler is that when an input signal is applied on port 1, it will be evenly dis-
tributed between port 2, port 3 with the same phase, while port 4 will be isolated. Conversely, when
the input signal is applied on port 4, it will be split evenly between port 2, and port 3 but with 180°
phase difference, while port 1 will be isolated. These ways of power distribution occur when the elec-
tric circumference of the ring is one and half guided wavelength and the characteristic impedance
of the transmission line forming the rings is 1.414 times that of the feeding transmission lines.

The patch antenna [38] is a simple antenna that can be easily fed and fabricated. If the electric
length of the patch equals half of a guided wavelength, the fringing electric fields at the edges
of the patch are maximum and in the same direction, which gives rise to radiation. The direction
of maximum radiated power is the broadside direction, which is perpendicular to the patch. The
structure of the rectangular patch antenna fed with a plasmonic strip transmission line is shown in
Fig. 2.

The proposed reconfigurable nano antenna is formed by integrating two rectangular patches with
the ring coupler, as shown in Fig. 3. The two patches are replacing the termination input/output ports
2 and 3 of the ring coupler. Silver is selected for fabricating the ring, patches and transmission lines.
It is modeled using Drude model permittivity function with e, = 3.7, plasma oscillation frequency of
wp = 1.39%10"¢ rad/s, and a plasma collision frequency of y = 3.2258%10'3 1/s. The nano antenna is
located on top of an infinite SiO, substrate with refractive index of 2.1. A sufficient space is inserted
between the nano antenna and the Perfect Matched Layer (PML) boundary box used in simulation.
CST Microwave Studio is used for that purpose. Numerical convergence test is always performed to
ensure that further mesh refining doesn’t affect the results significantly. The proposed nano antenna
has nine geometrical parameters: the length and width of the patch (Lpat, Wpat), the radius of the
ring (R), the length of the lines connecting the patches to the ring (L1 and Ly). The length of the line
segment connecting the ring to the feeding line of port 4 (Ls3), the width of the ring (W), the width
of the lines (Wiiy), the thickness of the metal layer forming the proposed reconfigurable antenna (7),
as demonstrated in Fig. 3.
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Fig. 5. Field distribution at 193 THz resonance frequency due to excitation from port 1: (a) Ex component,
and (b) Hz component.
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Fig. 6. Field distribution at 193 THz resonance frequency due to excitation from port 4: (a) Ex component,
and (b) Hz component.

The selected operating frequency of the proposed nano antenna is 193 THz (1550 nm wave-
length), which is commonly used by optical communication systems. The nano antenna is simulated
using the CST frequency domain solver, which is based on finite element method. An adaptive mesh
is used to validate the mesh and to ensure numerical convergence.

The proposed nano antenna has two input ports (port 1 and port 4 of the ring coupler). The
excited mode at the input ports is the fundamental mode only which may be generated from
electrical or laser input. Modal electric field distribution of the plasmonic transimission line at 193
THz is shown in Fig. 4. When the excitation is made from port 1, the x- and z-components of
the electric and magnetic field, respectively, of the two patches will be out of phase as shown in
Fig. 5(a) and (b), respectively. This leads to destructive radiation interference along broadside
direction, while constructive interference can be achieved along the endfire direction. On the other
hand, when exciting from port 4, the x-/z-component of the electric/magnetic field of the two patches
will be in phase as shown in Fig. 6(a) and (b). Consequently, constructive interference is ensured
along the broadside direction, while destructive interference can be adjusted to occur along the
endfire direction. The values of the design parameters used in the field simulation are those obtained
from the component-based optimization by using the normed distances that will be shown in
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Section 4.1.3. However using the other optimal points (presented in Sections 4.1.3 and 4.2) will
give almost the same field distributions. Each of the two radiation modes could be obtained by
exciting from the appropriate port (port 1 for the endfire and port 4 for the broadside). Alternating
between the two radiation modes based on the excited port is guaranteed by the optimization
process.

As the metals don’t behave as perfect conductors in optical frequency regime, they allow electro-
magnetic field penetration to some extent. This results in considerable amount of power dissipation.
In addition to this dissipation kind of loss, there exists reflection loss at the excitation port as well as
transmission loss to the other unexcited port. These power losses need to be minimized. The power
dissipation can be minimized by maximizing the radiation efficiency. The reflection and transmission
losses can be minimized by minimizing the magnitude of the S-parameters (|S111, |Sa1l, |S14l, |Sa4l).
For good control of the radiation beam direction, angles 61, 6> are defined and have to be mini-
mized. The first angle, 61, measures the angular difference between the main beam and the endfire
direction if the excitation is made from port 1. On the other hand, the difference between the main
beam and the broadside direction due excitation from port 4 is measured using 65.

Two design approaches are performed to optimize the proposed antenna. In the first one, the
optimization of the proposed antenna is performed through three steps as follows: optimizing the ring
coupler followed by the patch antenna then the integration of components. The optimal parameter
values obtained in each step of this approach are used as initial values for the next step. In the
second approach, the optimization process is made directly in one step on the entire nano antenna
structure.

The steps of the first approach are the following. First, the geometrical dimensions of the ring
coupler shown in Fig. 1 are optimized to achieve minimum dissipation, reflection, and transmission
loss and to distribute the remaining power evenly between the output ports, which will be terminated
by the radiating patches in the following step. In other words, it is required to minimize the magnitude
of each of (Sy1, S41, S14, Ss4) and to make the magnitude of each of (S»1, Ss1, Sos, Sz4) as close
as possible to —3 dB. It is also required to keep the phase difference between S,4 and Sz4 as
close as possible to 180°. Second, the geometrical parameters of single patch antenna, shown in
Fig. 2, are optimized to minimize the reflection loss, the deviation between the broadside and the
main beam direction, and to maximize the radiation efficiency. In doing this optimization, the initial
values of width and thickness of the feeding line connected to the patch, (Wi, T), are the same as
that of optimum values of the same variables obtained in the previous step. Finally the geometrical
dimensions of the integrated reconfigurable antenna are optimized to minimize the reflection and
transmission loss, the deviation between the main beam direction and (the endfire, the broadside)
when exciting from (port 1 or port 4) and to maximize radiation efficiencies when exciting from both
input ports.

3. Optimization Approaches

As the simulation time required to perform a single simulation run of the proposed antennna is very
long, the direct optimization may be prohibitive and so the simulation runs have to be accelerated.
This idea has been used in many publications as [34], [36], [39]. To perform the optimization process
of the proposed nano antenna, surrogate models of its responses are constructed. Here we use
kriging models [28] and then we use two different optimization approaches to solve the optimization
problem. The first approach is the multi-objective particle swarm optimization [30], [31] which is a
metaheuristic method used to solve multi-objective optimization problems. To obtain a single point
to use in design, PROMETHEE [32] is applied on the optimal pareto set obtained from MOPSO
[31]. And the second is the normed distances [35], [36] which is a geometrical design centering
technique.
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3.1 Kriging Models
A kriging model is a combination of a polynomial model plus localized departures of the form:

y(x) = h(x) + 2(x) )

where y(x) is the unknown required function, h(x) is an approximation (polynomial) function and it
can be represented as a linear combination of some regression functions. In this work, quadratic
polynomials are used. z(x) is the realization of a stochastic process with zero mean, variance o2,
and non-zero covariance. The function value at any point can be estimated using linear predicator
[40] as follows

Yest(X) = hTa* + r"R™" (m — Ha") @)

where h is a N x 1 vector containing the values of the regression functions evaluated at x, R is N x
N s matrix whose elements represent the correlation between zvalues at the sample points, where Ng
is the number of the sample points. ris Ny x 1 vector containing the correlation between z values
at x and at the sample points. H is N5 x N matrix, whose elements represent the values of the
regression functions at the sample points mis a Ny x 1 vector whose each component represents
the value of y evaluated at the corresponding sample point. The value of «* is given by:

o« =HTR'H) 'HTR'm (4)

3.2 Multi-Objective Particle Swarm Optimization

Multi-objective optimization problem is a problem which has more than one objective function that
we need to optimize simultaneously. These objectives are normally conflicting which means that
there is no single solution that is the best for all objectives in these problems. Instead, there exist
good trade-off solutions that represent the best possible compromises among the objectives. These
solutions form a set called pareto optimal set (P*). Each design point in this set is non-dominated
which means that there is no other point in the design space (DS) that is better than it in all
objectives.

P* = {x e DS|-3z2e DS A F(2) < F(x)} (5)

where F (x) is the vector of the objective functions evaluated at x. F(z) < F(x) means that each
component in F(2) is less than or equal its corresponding component in F (x) and there exist at least
one component in F(2) which is strictly less than the corresponding component in F (x).The image
of the pareto optimal set in the objective space is called the pareto front (PF*).

One of the most powerful algorithms used to obtain the pareto optimal set is the Multi-Objective
Particle swarm optimization (MOPSO) [31] which is a metaheuristic algorithm based on Swarm
intelligence [30].To obtain a single design from the pareto optimal set obtained from MOPSO, we
use PROMETHEE [32].

3.3 Design Centering Using Normed Distances

Design centering using normed distances [35], [36] is a geometrical approach for obtaining the
design center point of a feasible region (FR) which is a region in the parameter space that can be
identified by specifying either upper or lower bounds on the system performance properties.

The design parameters are in general random variables distributed with joint probability density
function (pdf) @ (x, ¥) where ¢ is the vector of different distribution parameters. Accordingly, the
yield (probability of satisfying the design specifications) is defined as

Y(¥) = Prob (x € FR) = . o(x, Y)dx. (6)
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Assuming that, the probability density function is dependent only on the nominal parameter vector
x°. The design centering problem can be formulated as

max <Y(x°) = o, x°)dx> . (7)

FR

Practically the system parameters are assumed to be normally distributed with pdf given by

1 1 0\ -1 0
o(x, x0) — —e—z(x—x) C'(x—x%) 8
PN T ©
where C is the covariance matrix. The normed distance between x° and the hypersurface f{x) = 0
is given by

p=min \/(x — XO)TC_1 (x — x°)
suchthatf(x) = 0. (9)

The design centering problem can be solved as follows [41]:

max < min ,3,-). (10)

X0 i=1,2,..1

where Bi,i=1,2, ..., lis the normed distance from x° to the constraint boundary f;(x) = 0.

3.4 Optimization Algorithm

An algorithm for the optimization approaches can be summarized in the following steps:

Generate sample points using Latin hypercube sampling.

Evaluate the function values using the high fidelity model (using CST simulation).

Construct kriging surrogate models using the function values obtained at step 2.

Find an optimal design using MOPSO or normed distances.

If we reach optimum point then we terminate, else generate another sample points and perform
step 2 then add these points to the pervious sample points then go to step 3.

o0~

4. Optimization Results

The optimization techniques discussed in Section 3 are going to be applied on the novel reconfig-
urable nano antenna introduced in Section 2 using the two different design approaches previously
outlined.

4.1 Component-Based Optimization

In this subsection, the optimization is carried out in three steps. The results of each step are
presented and discussed.

4.1.1 Ring Coupler Optimization
In this step, the optimization process is applied on the ring coupler shown in Fig. 1. The design
parameters are [R, L+, L3, Wy, T, Wng]. The optimization goals can be written as follows

min [Si1], [Sa1]. [S1al . [Saal

max |S21|, [Sa1l, [S2al , |Saal (11)
min | |ZSQ4 — ZS34| —180°].
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TABLE |
Results of the Ring Coupler Optimization

Initial | MOPSO | Normed Initial | MOPSO Normed
Final Distances Final Final Distances Final

R (nm) 160 188.252 | 199.617 |S14l (dB) -14.66 | -38.24 -46.05
Ly (nm) 100 96.241 148.656 |Saal (dB) -13.65 | -24.09 -19.82
L3(nm) 350 160.31 204.634 |S21] (dB) -6.54 | -4.63 -4.35
Wiin(nm) 40 28.3754 | 40.839 |S31] (dB) 9.67 |-4.74 -4.76

T (nm) 45 36.192 44.358 |S24] (dB) 933 |-5.22 -5.13
Wing (nm) 35 24.561 23.5419 | S34] (dB) -5.7 -5.54 -5.07
|Su| (dB) | -6.44 |-14.95 -24.69 |£854 — £834] | 139.6° | 187.2° 186.75°
|Sa1] (dB) | -14.66 | -38.35 -46.14 Yield 0% 56% 71%
Simulation Time 26 hours | 22 hours

S =S " Saam Sz v Sy v 834 ™ S;y —Sn

S-Parameters Magnitude (dB)

S-Parameters Magnitude (dB)

180 185 190 195 200 205 210 180 185 190 195 200 205 210
Frequency (THz) Frequency (THz)
(a) (b)
¥y v e v - T - l
—S81 *Suna =+ Su—Sa * 8y > S ™ S
& Of . . . . -
=z -5 - e
w .
o
B-
-
&
T -
E -
P
g -
D -
£
i
ki
- 11 ;
v 180 185 190

195 200 205 210
Frequency (THz)

(c)

Fig. 7. S-parameters magnitude of the ring coupler versus frequency at: (a) Initial point (b) MOPSO
final, and (c) Normed distances final.

This multi-objective problem is solved by using MOPSO with PROMETHEE. To solve this problem
using normed distances, it is reformulated according to the following constraints

[S111, 1Sa11, |S14], 1Sa4] < —10dB
1S211, 18311, 15241 , |S34| > —6dB (12)
[| £S04 — £S34] — 180°] < 10.

This problem is solved using the normed distances taking parameter spread = [10, 10, 10, 2, 2,
2] nm. The results are summarized in Table |. The S-parameters at the final point of MOPSO with
PROMETHEE and the normed distances are comparable. However the normed distances method
gives a better yield value and a lower simulation time. So the design obtained using the normed
distances is more immune against the system’s fluctuations with reduced computational cost
The S-parameters magnitudes versus frequency are shown in Fig. 7. The phase of S,4, S34 are
shown in Fig. 8. The potential of the proposed optimization techniques is evident, as it succeeded
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Fig. 8. Phase of Sp4, S34 of the ring coupler versus frequency.

TABLE Il
Results of the Patch Nano Antenna Optimization

MOPSO Normed distances

Initial Final Initial Final
Wopat (nm) 300 307.4 300 301.7
Lpat (nm) 300 403.4 300 422.9
Wiin (nm) 28.38 49.6 40.839 54.66
T (nm) 36.19 51.6 44,358 44.99
[S11] (dB) -3.69 -10.9 -4.44 -12.9

‘A 27° 1° 21° 2°
Nrad 0.855 0.95 0.92 0.95
Yield 0% 87% 0% 95%

Simulation Time 18 hours 14 hours

in bringing the insertion losses close to —4 dB, while the transmission losses are less than —15 dB.
Moreover, the phase difference between S.4 and Ss4 is adjusted to be very close to 180° as
required.

4.1.2 Patch Nano Antenna Optimization

In this step, the patch nano antenna dimensions [Wpat, Lpat, Wiin, T] are optimized for these
objectives:
min [Sy4] , 01

max nrad . (1 3)

where Si; is the reflection coefficient, naq is the radiation efficiency, 0 is the angle between the
main lobe direction and the broadside direction. This optimization problem is solved using MOPSO
with PROMETHEE. Then, the optimization problem is reformulated to be solved using normed
distances by imposing the following constraints

|S11| < —10dB
91 <10

Trag > 0.8. (14)

The values of Wy, T in the initial point are taken form the final point in step 1. The parameter
spread used in the normed distances and the yield evaluation is [10, 10, 2, 2] nm. Table Il lists
the simulation results of Step 2. The objective functions values at the final point of MOPSO with
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Fig. 9. |S11| of the patch nano antenna versus frequency.
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Fig. 10. Radiation pattern of the patch nano antenna at (a) the initial point of MOPSO (b) the initial point
of Normed distances (c) the final point of MOPSO (d) the final point of Normed distances.

PROMETHEE and the normed distances are comparable however the normed distances method is
better in terms of the yield value and the simulation time. The magnitudes of the reflection loss, S+4,
versus frequency are shown in Fig. 9. The optimization process leads to a significant reduction in
the reflection loss as required. The corresponding initial radiation patterns in the E-plane (xz-plane),
which is the plane of asymmetry, and in the H-plane (yz-plane) are presented in Fig. 10(a) and (b).
The final radiation pattern after optimization is plotted in Fig. 10(c) and (d). It is obvious that the final
radiation patterns of the optimized nano antenna using both optimization techniques are way better
than the initial ones with maximum radiation power density along the broadside direction and the
beam is narrower as required. In all radiation pattern plots, it is clear that the back-side radiation is
stronger than the front-side. This can be attributed to the low value of the wave impedance of the
dielectric half-space if compared to that of the free-space at the top-side.

4.1.3 Optimization of the Integration of Components

In this step, optimization techniques are applied on the integrated components forming the
proposed reconfigurable nano antenna. The initial values of the design parameters of this
step are those final values of the previous optimization steps. The design parameters are
[Whpat, Lpat. R, L1, Lo, La, Wiin, T, Wingl. The parameter spread adopted in the normed distances
and the yield evaluation is [10, 10, 10, 10, 10, 10, 2, 2, 2] nm. The optimization goals in this final
step are

min |Si11, [Sa1l, 1S1al . [Saal , 64, 02
maX rad1, Mrad4- (1 5)

where 141, Trags are the radiation efficiencies when exciting from port 1 and port 4, respectively. 64
is the angular difference between the endfire and the main beam when exciting from port 1. On the
other hand, 6, measures the difference between the broadside and the main lobe direction when
port 4 is excited. The problem is reformulated as design centering problem to be solved using the
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TABLE Il
Results of the Integration of Components Optimization

MOPSO Normed distances MOPSO Normed distances
Initial Final Initial Final Initial | Final Initial Final
Wpat(nm) | 307.4 | 305.7 | 301.73 | 333.34 |511] (dB) -11.7 | -11.4 | -18.22 -11.6
Lpat (nm) | 403.43 | 331.9 422.9 339.5 |Sa1| (dB) -25.4 | -16.4 -24.38 -19.9
R (nm) 188.25 | 190.39 199.6 200.65 |S1a] (dB) -25.4 | -16.4 -24.38 -19.9
L{(nm) 96.241 | 324.1 148.7 318.9 |Saa| (dB) -8.94 | -12.7 -10.75 -11.8
L, (nm) 150 383.4 150 308.4 0, 28° 4° 64° 0°
L; (nm) 160.31 100 204.6 154.6 0, 4° 1° 0° 1°
Wiin (nm) | 49.552 | 60.85 54.66 62.73 Hradl 0.883 | 0.898 0.889 0.913
T (nm) 51.63 | 55.93 44.99 57.04 Mrad4 0.864 | 0.889 0.869 0.899
Wing (nm) | 24.561 | 31.08 23.54 31.85 Yield 0% 64% 0% 81%
Simulation 5 days 4 days and 10 Overall 6 days and 20 5 days and 22
time hours simulation hours hours
--- Sy at initial point -e- Si;q4 at initial point -+ S, at initial point -== §pp at initial point -e= S0 at initial point -+ S, at initial point
— &y, at final point  —e= S5, ;at final point —— S, at final point —.S‘;é at final point —e— 5,4 at final point —— S, at final point
= =
w ¥
§’ “s0 s 190 195 200 205 210 =40 : ' : : 5
Frequency (TH2) 180 185 190 195 200 205 210

(a) (b)

Fig. 11. S-parameters magnitudes of the reconfigurable nano antenna versus frequency at initial and
final points for: (a) MOPSO and (b) Normed distances.

normed distances as follows:

[S111, 1841l , |S14l, |Saal < —10dB
91,092 < 5
Trad1 > Thada > 0.8. (16)

Table Il lists the optimization results of step 3. The objective functions values at the final points
are almost the same for both MOPSO with PROMETHEE and the normed distances however the
normed distances method achieves better value for the yield function and reduces the simulation
time. This ensures that the optimal design obtained by using the normed distances is more robust
against the system’s fluctuations with reduced computational cost. The corresponding S-parameters
magnitude versus frequency are shown in Fig. 11. It is evident that the adopted optimization
algorithms are capable of adjusting the S-parameters as required. The corresponding radiation
patterns are plotted in Figs. 12 and 13. It is clear from these figures that the radiation patterns at
the initial points of the two optimization techniques is way far from the desired end-fire or broadside
direction if the excitation signal is applied on port 1 or port 4, respectively. The effectiveness of the
proposed optimization methods can be easily noticed by comparing the initial radiation patterns
plotted in Fig. 12 to the final ones presented in Fig. 13. The radiation main lobe is very well adjusted
along the end-fire direction if port 1 is excited, and along the broadside direction if port 4 is excited
as shown in Fig. 13(a) and (b), thanks to MOPSO. Also, normed distances technique is well capable
of adjusting the radiation beams at the desired directions, as clear from Fig. 13(c) and (d).
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Fig. 12. Radiation pattern of the reconfigurable nano antenna at the initial point of (a) MOPSO due to
excitation from port 1 (b) MOPSO due to excitation from port 4 (c) Normed distances due to excitation
from port 1 (d) Normed distances due to excitation from port 4.
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Fig. 13. Radiation pattern of the reconfigurable nano antenna at the final point of (a) MOPSO due to
excitation from port 1 (b) MOPSO due to excitation from port 4 (c) Normed distances due to excitation
from port 1 (d) Normed distances due to excitation from port 4.

Results of the Entire-Based Optimization

TABLE IV

4.2 Entire-Based Optimization

In this approach, the optimization techniques are applied on the reconfigurable nano antenna
as a whole rather on its individual components. This can be looked at as performing step 3 of
the component-based optimization but without a good initial point. The parameter spread used
in normed distances and in the yield evaluation is [10, 10, 10, 10, 10, 10, 2, 2, 2] nm. Table IV
summarizes the optimization initial and final figures using entire-based optimization. It could be
noticed that the objective functions values at the final points of MOPSO and normed distances
method are comparable however the normed distances method outperforms MOPSO in terms of
the yield function and the simulation time. So the deign obtained by using the normed distances

Initial Final Initial Final
MOPSO Normed MOPSO | Normed

Wpat (nm) 300 334.263 338.952 |S11] (dB) -4.17 -12.53 | -11.09
Loat (nm) 300 302.315 336.214 |Sa1] (dB) | -18.02 -16.05 | -18.93

R(nm) 160 191.124 198.781 |S1a] (dB) | -18.02 -16.05 | -18.93
Ly (nm) 350 321.183 314.782 |Saa] (dB) -8.5 -11.02 | -12.38
Ly (nm) 150 385.609 317.356 61 66° 0° 0°
L3 (nm) 100 153.34 149.315 6, 4° 1° 1°
Wiin (nm) 40 58.925 58.6145 Nrad1 0.798 0.883 0.901

T (nm) 45 45.8571 55.152 Nrada 0.859 0.866 0.894
Wing (nm) 35 41.2384 34.9125 Yield 0% 66% 79%

Simulation Time 11 days 10 days
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Fig. 14. S-parameters magnitude of the reconfigurable nano antenna versus frequency.
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Fig. 15. Radiation pattern of the reconfigurable nano antenna at the initial point due to excitation from:
(a) port 1 and (b) port 4.
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Fig. 16. Radiation pattern of the reconfigurable nano antenna at the final point of (a) MOPSO due to
excitation from port 1 (b) MOPSO due to excitation from port 4 (c) Normed distances due to excitation
from port 1 (d) Normed distances due to excitation from port 4.

is more immune against the system’s fluctuations. Also using the normed distances reduces the
computational cost. The corresponding S-parameters magnitudes versus frequency are shown in
Fig. 14 and the corresponding radiation patterns are plotted in Figs. 15 and 16. Both MOPSO
and normed distances optimizers are capable of adjusting the S-parameters and aligning the

radiation beam direction to be along end-fire or broadside due to excitation from port 1 or port 4,
respectively.
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Fig. 17. Sensitivity of the objectives with respect to the design variables for the solution obtained using:
(a) MOPSO and (b) Normed distances.

5. Sensitivity Analysis

As mentioned above, the proposed reconfigurable nano antenna has nine design variables and
eight design objectives. This section presents a study of the impact of each design variable on the
objectives. In this study, the designs obtained from component-based optimization are used. The
sensitivity of each objective is calculated to identify the most effective design parameters on it. Each
design variable is perturbed by 10% while the other variables remain constants. At each perturbed
design, the sensitivity is calculated as follows

Fi(pertubed design) — F;(original design)
Fj(original design)

sensitivity of F; = %100% (17)

The sensitivity of the different objectives with respect to different design variables is plotted in
Fig. 17 for the solutions obtained using both MOPSO and normed distances. It is clear that the
design obtained from the normed distances is more immune against the variations in the design
parameters as it has larger yield value compared to the design obtained from MOPSO. This can
be attributed to the fact that the normed distances is a design centering technique, and hence it
enhances the chance of satisfying the constraints imposed on the objectives due to reasonable
variation in the design variables. It can be noticed that R is the most effective design parameters
on |Si1|, |Sa1| and |Sy4|. The parameters that have effect on |Sus| are (Lpat, R, T). The impact on
the main lobe orientation is very small while the radiation efficiency is almost unaffected when
perturbing the design parameters.

6. Conclusion

A novel nano antenna design is presented for the first time in this paper. The radiation pattern of this
nano antenna can be adjusted to alternate between broadside and endfire directions based on the
location of the applied excitation signal. This nano antenna allows for best use of the radiated power
by avoiding wasting it in unwanted directions. If the transmitter and receiver are in front of each other
the antenna radiates in the broadside mode avoiding wasting power in the endfire direction. At the
other hand, if the transmitter and receiver are beside each other, the antenna radiates in the endfire
mode, which avoids wasting power along broadside direction. Such efficient use of power isn’t
provided by omni-directional conventional antennas. The selected operation frequency (wavelength)
is 193 THz (1550 nm), which is commonly used by optical communication systems. The optimization
of the proposed nano antenna is performed using two different approaches. The prediction of the
nano antenna’s responses is performed using kriging surrogate models which are much cheaper
than the full-wave electromagnetic simulations counterpart. Two different optimization techniques
are employed, namely MOPSO and normed distances. A sensitivity analysis is performed that
shows how the manufacturing tolerance in each design parameter is affecting the performance
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of the proposed reconfigurable nano antenna. Although MOPSO and normed distances achieve
comparable values for the objective functions, the normed distances method achieves better value
for the yield function and so the deign obtained by using the normed distances is more immune
against the system’s fluctuations. This is verified by the sensitivity analysis. In addition, using the
normed distances results in a reduction in the computational cost. So the normed distances method
is more preferable than MOPSO.
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