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Design, Optimization, and Analyses of Nano-Optical Couplers
Consisting of Nanocubes to Construct Efficient Nanowire
Transmission Systems

Askin Altinoklu and Ozgiir Ergiil”®

Abstract—We present the design, optimization, and analyses of efficient couplers to construct nano-
optical transmission systems involving nanowires. The couplers consist of optimized arrangements of
nanocubes and are integrated into critical locations, such as nanowire inputs, corners, and junctions, to
improve electromagnetic transmission in accordance with design purposes. Optimization and numerical
analyses are performed by employing an efficient simulation environment based on a full-wave solver and
genetic algorithms. Using the designed couplers, we obtain various configurations that enable efficient
transmission and distribution of input powers to multiple outputs. With their favorable properties, the
designed couplers and constructed systems can be further used to build larger nanowire networks.

1. INTRODUCTION

Using the plasmonic properties of metals at optical frequencies, nanowires are excellent tools to efficiently
transmit electromagnetic power across long distances with respect to wavelength [1-13]. However, as in
all transmission systems, their capabilities can be dramatically deteriorated due to physical deformations
and defects. For example, significant power losses are observed even for smoothly bent nanowires [8],
when these structures deviate from their ideally straight shapes, indicating that even changing the
direction of the power flow in a nanowire system is a fundamental issue. In such applications involving
the redirection of transmission, supporting nanowires with other nano-optical components can provide
remarkable results. In our recent efforts [13], we have developed this kind of compact couplers involving
optimal arrangements of nanoparticles, usually nanocubes. As shown via computational simulations,
these well-designed couplers can significantly improve transmission along bent nanowires, even with
sharp corners. The effectiveness of the developed corner couplers has motivated us to use the proposed
approach to build similar couplers that may enable the construction of more complex nanowire systems
with multiple segments.

In this study, we consider nanowire transmission systems involving alternative combinations of
nanowires. In each system, the purpose is to efficiently transmit electromagnetic power from the input
to output or to multiple outputs. Without using any supporting mechanism, simple connections of
nanowires do not provide the desired characteristics due to sharp corners and junctions, where reflections
and diffractions prevent efficient transmissions. We design various couplers that can be easily used in
alternative junction types, as well as for the efficient coupling between excitations and nanowires. Each
coupler is an optimal arrangement of nanocubes, which also possess plasmonic properties, integrated
into a critical position to enhance the function of the corresponding system. The optimal configuration
for a given set of nanocubes is found by considering the entire combination of nanowires and the coupler
as a full-wave optimization problem and analyzing candidate solutions via the multilevel fast multipole
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algorithm (MLFMA) [14,15]. Among alternative choices, genetic algorithms (GAs) are preferred
to heuristically but effectively reach optimal coupler designs. Each optimization problem requires
thousands of simulations, which can be handled thanks to the efficiency of the MLFMA implementation
developed particularly for plasmonic problems [16]. Integration of GAs and MLFMA into a single
optimization environment via a dynamic accuracy control [17] further facilitates accurate and efficient
designs of couplers. Our preliminary results on the design of corner and input couplers, in addition to
attempts to integrate multiple couplers, can be found in [13, 18, 19].

Finding an optimal configuration of nanocubes with required electromagnetic characteristics is not
sufficient for the design of a nano-optical coupler. In addition to nanowire transmission systems as final
products, this paper presents the overall process by exemplifying fine-tuning operations and sensitivity
analyses, as well as the generation of importance maps and frequency responses. Using a subsystem
approach, the couplers are designed independently so that their integration into a single system needs
initial tests with alternative combinations. At the end, using the designed couplers and nanowire
segments, we present five different transmission systems that efficiently divide the input power into two,
three, four, and five outputs, respectively. Power density values obtained at the outputs demonstrate the
excellent transmission characteristics of the systems, as well as the possibility to use them to construct
even larger systems towards nano-optical networks.

2. NANO-OPTICAL COUPLERS CONSISTING OF NANOCUBES

2.1. Simulation and Optimization Environment

For the simulation and optimization of the systems involving nanowires and couplers, MLFMA and GAs
are integrated into a single environment. This is particularly performed to facilitate dynamic accuracy
control [17], i.e., a strategy based on the adjustment of the MLFMA accuracy in the course of the
optimization. While designing couplers via GAs, each individual (candidate design) is considered as a
three-dimensional electromagnetic problem to be solved via MLFMA. Hence, in a typical optimization
involving thousands of trials, thousands of MLFMA simulations are required. Using initial-guess
between consecutive solutions does not provide a significant acceleration, since even a single nanocube
may dramatically change the characteristics of the overall structure. Therefore, advanced strategies like
dynamic accuracy control are needed for efficient optimization attempts. In this strategy, candidate
designs during an optimization are not solved with the same level of accuracy. In addition to the
standard MLFMA, approximate (and faster) versions are used, whose inaccuracy levels are reflected to
the fitness values of the individuals. Specifically, when an individual is analyzed by using an approximate
MLFMA, the obtained fitness value is reduced by the predicted inaccuracy margin (uncertainty) of the
approximation. This way, the evaluation of the initial generations is greatly accelerated, while the
accuracy levels of MLFMA versions are automatically updated towards the end of an optimization with
the increased confidence on the successful individuals. The final generations are carried out via full
MLFMA simulations, which can provide accurate results with maximum 1% error in current coefficients.

Plasmonic properties of the analyzed structures lead to numerically challenging simulations in
terms of efficiency and accuracy. In the context of surface formulations, we prefer the modified combined
tangential formulation (MCTF) [20] for accurate solutions of plasmonic structures. MCTF is particularly
essential for the problems considered in this paper, where nanowires and nanocubes are made of Ag and
analyzed at 250 THz. At this frequency, Ag has a relative permittivity of approximately —61 + 4.34,
with a large negative real part that causes numerical issues in the conventional formulations. Although
MCTTF is accurate in modeling objects with such permittivity values, it is a first-kind integral-equation
formulation that needs extra efforts in iterative solutions. For this purpose, we employ a multilayer
iterative strategy, where MLFMA and its approximate versions are used in an inner-outer scheme [21].
The approximate versions of MLFMA both within iterative solutions (in the multilayer strategy) and in
the course of an optimization (for the dynamic accuracy control) are obtained by a systemic reduction
of harmonics (plane waves) used to compute far-zone interactions. MCTF is discretized by using
the conventional Rao-Wilton-Glisson functions [22] to expand the electric and magnetic currents on
triangulated surfaces. For a typical nanowire system considered in this paper, the number of unknowns
is limited to 50,000, while large electrical sizes lead to many levels in tree structures of MLFMA.



Progress In Electromagnetics Research C, Vol. 113, 2021 15

The MLFMA implementation used for the simulations is based on the standard diagonalization
of the Green’s function via plane waves [14]. For a given object, we first construct the multilevel tree
structure by placing the object in a computational box and recursively dividing it into smaller boxes.
The smallest box size is set to A/4, where A ~ 1.2 um is the wavelength in the host medium (vacuum)
for the problems considered in this study. Near-zone and far-zone interactions are organized according
to a one-box-buffer scheme. Given a vector of N current coefficients x during an iterative solution, for
either the electric current density or the magnetic current density, MLFMA performs a matrix-vector
multiplication as

y=Z"" . x + 7" . x, (1)
where ZNF and Z'F represent the near-zone and far-zone interactions, respectively, of the considered
matrix block. The multiplication related to the far-zone interactions is performed on-the-fly, via
aggregation-translation-disaggregation cycles. At the lowest level, an aggregation step starts by adding

radiation patterns of basis functions (S, for n =1,..., N) at box centers (r¢) as
SC(rC) = Z X[n]sn(rC)a (2)
neC

where S,,(r¢) depends on the integro-differential operator. Then, from the lowest level to the highest
level, radiated fields are obtained as

So(ro) = Y Bre —re)Ser(rer), (3)
Cc’eC
where 3 refers to diagonal shift functions. From a level to the higher level, these shifting operations
are accompanied by up-sampling via Lagrange interpolation. Once the aggregation step is completed,
translations are performed within levels to obtain incoming waves as

Go(ro)= Y, alrc—ro)Se (o), (4)
Ccrer{C}

where F'{C'} represents far-zone boxes for a given box C, and « refers to diagonal translation functions.
In the disaggregation step, the total incoming fields are obtained from the highest level to the lowest
level as

Gg (rc) = GC (rc) + ﬂ (I‘c — I'C/) Gg, (I‘C/) (C € Cl) : (5)

where Lagrange anterpolation is used for down-sampling. Finally, the matrix-vector multiplication is
completed via an integral over all directions (plane waves) as

{Z"F - x} [m] / d*kF,(rc) - GE(re) (6)

for m =1,..., N, where receiving patterns of testing functions (F,,) are employed.

We emphasize that the aggregation-translation-disaggregation cycle briefly described above must
be performed separately for the inner (plasmonic) and outer (vacuum) media. Since some of the inner-
medium interactions (in an inner problem based on the equivalence principle) tend to decay rapidly, we
further use an interaction-elimination strategy [16] to avoid unnecessary computations that do not have
any effect on the accuracy. Further descriptions on the components of MLFMA can be found in [15].

2.2. General Properties of Nanowires and Couplers

The results presented in this paper illustrate the general approach to build nanowire transmission
systems involving optimal couplers at critical locations. At the same time, we need to fix some of the
geometric properties in order to demonstrate operation principles and properties of these structures via
examples. First, the structures involve pairs of Ag nanowires to transmit electromagnetic power from an
input to an output or outputs. Each nanowire has a 100 x 100 nm square cross section, and the surface-
to-surface distance between two nanowires (of a pair) is also fixed to 100 nm. All nanowire systems are
assumed to be located in vacuum. For an excitation of a nanowire system, a pair of Hertzian dipoles is
used. These dipoles are oriented in opposite directions and located 200 nm away from the nanowire tips.
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Also being located in vacuum, power radiated by a Hertzian pair is not efficiently coupled to nanowires,
which necessitates a design of an input coupler, as included in the results. While the frequency is fixed
to 250 THz in all designs and simulations, the structures are generally able to operate in wide frequency
bands (see Section 2.8). We also emphasize that, in the considered frequency range, weak surface
plasmon polaritons lead to strong electromagnetic interactions between the components (nanowires and
coupler elements) that need full-wave simulations for accurate analyses.

In the nano-optical systems considered in this paper, the nanowires do not possess any discontinuity.
For a given connected structure of nanowires with corners and junctions, the designed couplers are
integrated into critical locations without any direct physical contact, in order to improve the power
transmission from the input to the output(s). In general, the aim is to improve coupling at the input and
transmission through sharp corners, while junction couplers are designed to balance power distributions
among outputs in addition to maintaining efficient transmissions. To evaluate power transmission
performances, we define sample frames near the output tips of the nanowires. For example, in the
results of this paper, 1.3 x 1.3 um square frames at 100 nm distances from the tips are employed. Then,
for a given output, the average of the power density is used to assess the quality of transmission.

Based on our previous experience with various nanoparticles [13], the couplers in this study consist
of Ag nanocubes. Specifically, two-dimensional arrays of nanocubes are considered to build optimal
couplers in accordance with the design purposes. To be consistent with the nanowires, the dimensions
are selected as 90 x 90 x 90 nm, leaving 10 nm surface-to-surface distances between the nanocubes. For
each coupler type, a predetermined full grid is defined by only omitting nanocubes that coincide with
nanowire locations. Then, by performing an on-off optimization via GAs, the optimal coupler, i.e., an
irregular grid of remaining nanocubes, is found.

2.3. Optimization Process

As discussed in Section 2.4, the couplers are designed independently; for a given scenario involving
nanowires and a critical location, a single coupler is designed without considering the remaining parts
of the overall system. Despite the lack of interaction between subsystems, this approach enables easier
optimization and analyses of each coupler, while the results demonstrate that the designed couplers
operate in harmony when they are integrated into the same system. In addition, a designed subsystem
can be used in diverse configurations in multiple system designs rather than being a part of a fixed system
that limit the applicability of the couplers. In fact, attempts to design multiple couplers simultaneously
often lead to worse results (in comparison to individual optimization processes) due to the enlarged
optimization spaces to be handled by GAs. The success of individual design procedures may partially
be due to the relatively long nanowire segments (5 um) that separate critical regions, while alternative
strategies may be needed for nearby couplers.

In an on-off optimization, each nanocube of the given grid is represented by a bit (0/1); the
nanocube either exists or not, independent of other nanocubes. For a grid involving only 100 nanocubes,
this leads to 2190 ~ 1.27 x 10%° different configurations that form the optimization space. For some
coupler designs, symmetry is enforced to effectively reduce the optimization space. Using pools of 40
individuals, GA operations are performed in general for 200 generations, leading to a total of maximum
8000 MLFMA simulations. By employing a dynamic accuracy control described in Section 2.1, not all
MLFMA simulations are performed with full accuracy, while the final results (individuals in the last
generations) are guaranteed to be obtained with maximum 1% error. We note that the fitness of an
individual is found by an MLFMA solution followed by a post-processing involving the computation of
power density values in the output frames. Once the configuration that provides the best fitness value
is obtained, the corresponding coupler and the overall geometry are further analyzed. As the current
coefficients are already available for the best configuration, these analyses involve the computation of
near-zone electric and magnetic fields, as well as power density distributions at various locations around
the structure.

2.4. Coupler Types

Figure 1 presents five different types of couplers considered in this paper. For each coupler design, a
specific scenario is used in the optimization process, depending on the purpose. On the other hand, the
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Figure 1. Five different coupler designs and the optimization configurations used to design them:
Corner coupler (CC), four-way-junction coupler (FC), Y-junction coupler (YC), T-junction coupler
(TC), and input coupler (IC). For the FC, YC, and TC, the fitness value is defined as the average of
the mean power density at the outputs.

operation performance of a designed coupler is not strictly limited to the design scenario. For example,
the corner coupler (CC) involving 61 nanocubes in Fig. 1 is designed to maximize the mean power
density in the output frame when it is used at a sharp corner on a 5+ 5 um nanowire pair. At the same
time, the CC operates as desired with a reasonable performance for nanowires of various lengths, as well
as when these nanowires are connected to others directly or via couplers. The four-way-junction coupler
(FC) involving 51 nanocubes is designed to increase the mean power density at three outputs, while
minimizing the variation between them. As shown in Fig. 1, the coupler is optimized when it is located
at the junction of four 5 um nanowire pairs with direct connections between perpendicular segments.
In the case of the Y-junction coupler (YC), the purpose is to equally transmit electromagnetic power
toward forward and perpendicular directions, while the nanowire segments again have 5pum lengths.
The T-junction coupler (TC) is used for a similar purpose but in a symmetric case. Finally, the input
coupler (IC) is designed to couple an excitation (a pair of Hertzian dipoles) to a pair of nanowires, and
it is optimized to maximize the mean power density at the output when the nanowires are straight with
5 um lengths.

2.5. Fine-Tuning

As discussed in Section 2.3, the couplers are designed via on-off optimization processes; starting with
a full grid, nanocubes are extracted or kept to reach desired transmission characteristics. On the
other hand, once an on-off optimization process is completed, it is possible to apply a fine-tuning by
performing various geometric modifications to further improve the design. Such a fine-tuning operation
can be a part of the overall optimization process, as depicted in Fig. 2 for the IC. Once the optimal
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Figure 2. Design of the IC. The fitness value (the best in the pool) is shown with respect to GA
generations. Improvement by a fine-tuning operation involving nanocube shifts is also shown. The
coupler is designed as a symmetric structure.

on-off configuration is found within 200 GA generations, the kept nanocubes are shifted in the plane
of the coupler without allowing them touch each other. As one can observe in the fitness graph, these
shifts further improve the performance of the coupler, while such an improvement is typically limited in
comparison to the development in the main (on-off) optimization. The same graph includes the fitness
values for the full-coupler (the starting point) and no-coupler cases, in order to illustrate the success of
the optimization.

2.6. Importance Maps

After a coupler is designed, it is desirable to understand the importance of the kept nanocubes, as well
as the extracted ones on the performance of the coupler. Since it is not feasible to test all possible
configurations (otherwise optimization would not be necessary), we generate importance maps that
reveal the importance of each individual nanocube, either kept or extracted. This type of a map is
particularly useful to identify critical locations that must be occupied by nanocubes or those better to
remain empty. Fig. 3 presents the importance map for three of the five couplers, namely, the YC, TC,
and IC. In each map, the full grid of the coupler is illustrated, where nanocubes are colored based on
their effects on the fitness value. For example, a value of 0.5 indicates that an extraction of a nanocube
(if it was kept as the result of the optimization) or the insertion of a nanocube (if it was extracted as
the result of the optimization), without any change on the other nanocubes, leads to 50% reduction in
the fitness value. Hence, in the importance maps, most values are concentrated just below 1.0 (small
degradation on the performances of the couplers), while some nanocubes seem to play extremely critical
roles. It is remarkable that, for the YJ and TJ, the most critical nanocubes are located at the corners,
and they must be absent to achieve the desired operation performances. For the IC, the two critical
nanocubes are located at the two symmetric locations near the nanowires. These nanocubes must be
kept for a proper operation of the coupler, and the absence of only one of them reduces the fitness (mean
power density at the output) five-fold. We note that it is possible to get improvement by switching the
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Figure 3. Importance maps for the YC, TC, and IC. The most critical nanocubes (exist or not) are
labeled with the + sign.

status of a nanocube (a value greater than 1.0 in Fig. 3), while this occurs rarely (only a few cases in
the IC) and leads to a very limited enhancement on the top of the optimization.

2.7. Sensitivity Analyses

Another concern regarding the designed couplers is their sensitivity to various errors that may occur
during their fabrication. Therefore, each design is exposed to various operations to test its sensitivity
to such deformations. One example is presented in Fig. 4, where the IC is investigated in detail. Two
different deformations are considered: (i) random shifts of the nanocubes to test positional errors;

Shifted Nanocubes
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29.5 dBW/sm 29.7 dBW/sm 29.2 dBW/sm
34.4 dBW/sm 34.6 dBW/sm 34.2 dBW/sm
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Figure 4. Examples to sensitivity analyses applied on the IC: nanocubes are randomly shifted and
nanocube surfaces are randomly corrugated. Results obtained for four different deformed models are
compared to the original one obtained for the perfect model. In the plots, the power density distributions
in the output frame are shown.
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(ii) random corrugations of nanocube surfaces to test element deformations. In a shifting test, each
nanocube is independently allowed to be shifted in the [—3,3] nm range in the z, y, and z directions.
In these modifications, the nanocubes keep their perfect cubic shapes. In a surface deformation test,
however, each discretization node is independently allowed to move in the [—2, 2] nm range (again in the
x, y, and z directions) so that each nanocube has a unique deformed (corrugated) shape in the modified
model of the coupler. In all cases, uniform distribution is used to determine random values within the
given ranges. Fig 4 presents the results for four different tests: The power density distributions at the
output of the 5 wm nanowires are shown for two models with shifted nanocubes and two models with
corrugated nanocubes, in comparison to the distribution obtained with the perfect model. We observe
that the distributions are almost identical and the effects of random deformations can be understood by
inspecting power density values. For the perfect model, the mean/maximum power density values are
29.5/34.4 dBW /sm, while they become 29.7/34.6 dBW /sm and 29.2/34.2 dBW /sm in the shifting tests.
In the corrugation tests, these values are 29.3/34.2 dBW/sm and 29.4/34.4 dBW /sm. Hence, geometric
deformations have little effects on the performance of the coupler, while they may even provide slight
improvements in some cases.

2.8. Frequency Response

As mentioned in Section 2.2, all systems involving nanowires and couplers are designed to operate at
250 THz. At the same time, they maintain good performances at both lower and higher frequencies
around 250 THz. One example is depicted in Fig. 5, where the performance of the IC is considered
at different frequencies from 200 THz and 300 THz. Without using the IC, the nanowire pair provides
moderate levels of transmission, leading to a range of mean power density values at the output from
6dBW /sm to 12dBW/sm. The oscillatory nature of the transmission with respect to the frequency is
also remarkable. Using the IC designed at 250 THz, the best performance is achieved in the 250-260 THz
range with nearly 30 dBW/sm mean power density values at the output. In addition, the values are
larger than 20dBW/sm in a 70 THz range, while they are always well above those obtained for the
no-coupler case. Although it is shown only of the IC, all designed couplers have favorable properties
in terms of the frequency bandwidth; but, it is also evident in Fig. 5 that an optimization needs to be
repeated to re-design a high-performance coupler in case of dramatic changes in the frequency.
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Figure 5. Frequency response of the IC. The mean power density at the output of the nanowire pair
is plotted with respect to frequency, both without any coupler and with the IC.
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3. COMBINATIONS OF COUPLERS

Although the couplers are designed separately, each in a specific scenario, they maintain high-quality
operations when combined and used together to construct nanowire systems. Before designing and
building larger systems, however, various initial combinations are considered and tested via comparisons.
One of the most basic set of scenarios is depicted in Fig. 6, where a combination of the IC with the
CC are studied. On the left panel, the operation of the IC is demonstrated on a 5um nanowire
pair. As this is the exact scenario for the optimization of the IC, it significantly improves the power
transmission leading to 29.5/34.4 dBW /sm mean /maximum power density at the output (in comparison
to 7.9/12.8 dBW /sm without the IC). On the right panel of Fig. 6, we consider a 5 + 5 um nanowire
pair with a sharp corner, which corresponds to the scenario for the optimization of the CC. Using the
CC, the mean/maximum power density values at the output are increased from —3.1/8.2dBW /sm to
7.2/12.0dBW/sm. As a remarkable observation, using the IC at the input of the pair (without using the
CC) leads to 16.4/27.7 dABW /sm, even though the IC is not designed for this scenario. Most importantly,
using the IC and CC together provides the best results with 24.4/29.1 dBW /sm mean/maximum power
density values. In this overall system, the IC enables the efficient coupling of the power to the nanowires,
while the CC enables efficient transmission through the corner by minimizing electromagnetic waves
escaping to vacuum. Hence, the couplers operate in harmony to provide the best transmission along
the nanowires from the input to the output.

No Coupler IC
7.9 dBW/sm 29.5 dBW/sm
12.8 dBW/sm 34.4 dBW/sm No Coupler CC IC IC+CC

-

]

-3.1dBW/sm 7.2dBW/sm 16.4 dBW/sm 24.4 dBW/sm
8.2dBW/sm 12.0 dBW/sm 27.7 dBW/sm 29.1 dBW/sm

Output Frame

Output Side

W

Entire Geometry

3{]

| dBW/sm

| dBW/sm

Figure 6. Combination of the IC with the CC on a 5 + 5 um nanowire pair with a sharp corner. The
best transmission is achieved when the couplers are used together.

Another set of results involving a combination of the IC with the FC is illustrated in Fig. 7. In
these results, we consider a four-way junction at the intersection of 5 um nanowire segments, i.e., the
scenario used for the optimization of the FC. Using one of the segments as the input line, the outputs are
defined at the end of the other three segments. Without using any coupler, the maximum power density
is obtained as 6.4 dBW/sm at two of the outputs (Output 1 and Output 3), while it is only 2.1 dBW /sm
at Output 2. Simply filling the junction region with a full grid of nanocubes makes the transmission
even worse. Using the FC, however, we achieve 7.5 dBW /sm, 7.2dBW/sm, and 7.4 dBW /sm maximum



22 Altinoklu and Ergiil

_N_o_ C_qu_p_l_er - FuII IC+FuII IC+FC

HHHH

-0.25 dBW/sm -7.3 dBW/sm 1 7 dBW/sm 20. 3 dBW/sm 14.2 dBW/sm 21 2 dBW/sm
6.4 dBW/sm -2.3 dBW/sm 7.5dBW/sm 26.9 dBW/sm 20.5 dBW/sm 27.2 dBW/sm

-3.3dBW/sm -7.4dBW/sm 1.7 dBW/sm 17.4 dBW/sm 14.6 dBW/sm 20.7 dBW/sm
21 dBW/sm -2.0dBW/sm 7.2 dBW/sm 22.7 dBW/sm 19.9 dBW/sm 26.1 dBW/sm

of §e

-0.25 dBW/sm -7.3 dBW/sm 1.7 dBW/sm 20.3 dBW/sm 14.2 dBW/sm 21.2 dBW/sm
-2.3dBW/sm 7.4 dBW/sm 26.9 dBW/sm 20.5 dBW/sm 27.0 dBW/sm

6.4 dBW/sm

s "
P

Figure 7. Combination of the IC with the FC on a system involving 5 um nanowire segments and a
four-way junction. The best transmission is achieved when the couplers are used together.
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power density values at Output 1, Output 2, and Output 3, respectively. Similar to the previous results
in Fig. 6, using the IC alone leads to significantly improved transmissions. Specifically, even without
the FC, we obtain 22.7-26.9 dBW /sm maximum power density values. Using a full grid at the junction
in addition to the IC blocks the transmission and reduces the output values. We again obtain the best
results when both IC and FC are used together. Note that the purpose of the FC is not only improving
the transmission to the outputs but also equally distributing the power among them. In the full system
involving the IC and FC, the mean power density values are successfully obtained as 21.2dBW /sm,
20.7dBW/sm, and 21.1 dBW/sm, with only 0.5dB margin between Output 1 and Output 2.

Figure 8 presents further experiments involving the combinations of the IC, FC, and TC. On
the left panel, we consider the Y-junction involving three 5um nanowire segments. Although using
the IC alone provides very good transmission properties, the outputs are not well balanced with
19.0/25.8 dBW /sm and 24.2/30.5 dBW /sm mean/maximum power density values. Using the YC in
addition to the IC, the transmission ability of the structure is maintained, while the power density
values become 22.5/28.2dBW/sm and 22.5/27.9dBW/sm (again given as mean/maximum) with an
excellent balance in terms of the mean power density. On the right panel, the combination of the IC
with the TC is considered on the T-junction scenario. Due to the perfect symmetry, only one of the
outputs is considered, in addition to the junction region and the entire geometry, as usual. Using the
TC increases the maximum power density from 6.0 dBW/sm to 9.6 dBW /sm at the outputs, while the
IC alone leads to 26.2dBW /sm. We obtain the best result when the two couplers are used together,
leading to 22.7/28.3 dBW /sm mean/maximum power density values at the outputs.

4. NANOWIRE SYSTEMS

Finally, we present examples to nanowire transmission systems involving multiple (three or more)
couplers. We particularly consider designs with increasing numbers of outputs to demonstrate the
effectiveness of the couplers, as well as to exemplify the variety of combinations that they offer to build
alternative systems with different functions.

First, Fig. 9 depicts the results for a balanced power splitter, which involves an input segment,
a T-junction that connects the input segment to two opposite horizontal segments, and two corners
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Figure 9. A power splitter involving five nanowire segments, each with 5 um length. The full system

with an efficient transmission involves one IC, one TC, and two CCs at suitable locations.
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between the horizontal and vertical (output) segments. Each segment has a 5 um length so that the
entire geometry covers an approximately 10 x 10 um area. As expected, the power transmission towards
the outputs can significantly be improved by using one IC (at the input), one TC (at the junction), and
two CCs (at the corners). Fig. 9 presents not only this configuration, but also incomplete cases involving
one, two, or three missing couplers. In all cases, power distributions in the output frames, as well as at
the junction and corner regions, are shown. In addition, the entire view of the power distribution for the
complete structure with all couplers is illustrated separately. We observe that the mean/maximum power
density values at the outputs are increased from 12.7/18.8 dABW /sm to 17.9/23.5 dBW /sm when the TC
and CCs are used besides the IC. It is remarkable that using CCs (without the TC) partially improves
the transmission (15.6/20.9 dBW /sm), while using the TC deteriorates the results (8.0/18.7 dBW /sm)
if it is not accompanied by CCs.

Figure 10 presents another system, which involves a total of five 5 um nanowire segments to create
three outputs. For this system, using the IC significantly improves the power transmission to all three
outputs with 18.2dBW /sm, 15.8 dBW /sm, and 20.1 dBW /sm mean power density values, respectively.
If the first Y-junction is supported by the YC, the incoming power is distributed between Output 1
(22.2dBW /sm mean power density) and the other two outputs (14.4 dBW /sm and 16.9 dBW /sm mean
power density values). On the other hand, using two YCs (at both junctions), we reach a more balanced
distribution between Output 2 and Output 3 (16.9dBW/sm and 16.0dBW/sm mean power density
values), in addition to an efficient transmission to Output 1 (22.4 dBW /sm mean power density).
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Figure 10. A nanowire system involving three outputs. In addition to the IC, two YCs are used for
an efficient transmission of the power to the outputs.
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In Fig. 11, we consider a system involving four symmetrically located outputs. Using only the IC at
the input leads to 20.3 dBW /sm mean power density at Outputs 1 & 4 and 11.1 dBW /sm mean power
density at Outputs 2 & 3. Further employing the FC and TC at the junctions improves the transmission
to all outputs, leading to 21.1 dBW/sm, 15.9dBW /sm, 15.7dBW /sm, and 20.8 dBW/sm mean power
density values at Outputs 1-4, respectively. We note that the FC balances the distribution of the power
towards Output 1, Output 4, and the nanowire segment connected to the T-junction. Then, the TC
divides the incoming power (from the FC) into two, towards Output 2 and Output 3.

Finally, Fig. 12 depicts a system involving nine nanowire segments (each with 5um length)
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Figure 11. A nanowire system involving four outputs. In addition to the IC, the junctions are
supported by the FC and TC to obtain an efficient transmission of the power to the outputs.
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Figure 12. A nanowire system involving nine nanowire segments and five outputs. The power density
distribution is shown for the full system with five different couplers used at suitable positions.
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connected via all five couplers presented in this paper. The power density distribution for the entire
geometry is depicted to illustrate the efficiency of the power transmission along the nanowires. Once
the input power reaches the four-way junction, it is divided equally (by the FC) into three; towards
two outputs (Outputs 1 and 5) and the vertical segment that is connected to the T-junction. At the
T-junction, the TC further divides the incoming power into two. On the right-hand side, the power
is transmitted to Output 2 after a sharp corner that is supported by the CC. On the left-hand side,
the power is finally divided between a horizontal and a vertical segments via the YC to be transmitted
to Outputs 3 and 4. The mean power density values are obtained as 21.1 dBW/sm, 10.8 dBW /sm,
7.7dBW/sm, 8.2dBW /sm, and 20.9dBW/sm at Outputs 1-5, respectively, while these values are only
0.2dBW/sm, —15.1dBW/sm, —14.6 dBW /sm, —14.8 dBW/sm, and 0.2dBW /sm without the couplers.

5. CONCLUSIONS

Design and analyses of efficient couplers consisting of well-designed arrangements of nanocubes to
improve power transmissions in nanowire systems are presented. Given various grids of nanocubes,
optimal arrangements are found by employing GAs and full-wave simulations of subsystems via MLFMA.
The designed couplers are investigated in detail, both within their optimization setups and when
they are combined. As they are designed in generic scenarios involving T-junction, Y-junction, and
four-way junction, in addition to nanowire inputs and sharp corners, the couplers can be used in
diverse combinations to build systems consisting of multiple nanowire segments and outputs. Various
nanowire systems are presented to illustrate the harmony of the designed couplers to provide high-quality
transmissions from inputs to outputs in challenging cases. The results also demonstrate the feasibility
of constructing larger systems towards nano-optical networks based on nanowires and efficient couplers,
while the interactions between the subsystems can again be analyzed via full-wave simulations.
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