s ARCHIVIO ISTITUZIONALE
ONIVERSITA DI BOLOGNA DELLA RICERCA

Alma Mater Studiorum Universita di Bologna
Archivio istituzionale della ricerca

On-chip wireless optical communication through plasmonic nanoantennas

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

Published Version:
Calo, G., Bellanca, G., Kaplan, A.E., Fuschini, F., Barbiroli, M., Bozzetti, M., et al. (2018). On-chip wireless

optical communication through plasmonic nanoantennas. Institution of Engineering and Technology
[10.1049/cp.2018.0958].

Availability:
This version is available at: https://hdl.handle.net/11585/665404 since: 2020-04-10
Published:

DOI: http://doi.org/10.1049/cp.2018.0958

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

(Article begins on next page)
15 July 2024



http://doi.org/10.1049/cp.2018.0958
https://hdl.handle.net/11585/665404

This is the final peer-reviewed accepted manuscript of:

G. Calo, G. Bellanca, A.E. Kaplan, F. Fuschini, M. Barbiroli, M. Bozzetti, P. Bassi, V.
Petruzzelli, “On-chip Wireless Optical Communication Through Plasmonic
Nanoantennas”, 12th European Conference on Antennas and Propagation (EuCAP
2018), London, UK, April 9-13 2018.

The final published version is available online at: 10.1049/cp.2018.0958

Rights / License:

The terms and conditions for the reuse of this version of the manuscript are specified in the
publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https.//cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/
https://doi.org/10.1049/cp.2018.0958

On-chip Wireless Optical Communication Through
Plasmonic Nanoantennas

Giovanna Cald !, Gaetano Bellanca®, Ali Emre Kaplanz, Franco Fuschini,
Marina Barbiroli®, Michele Bozzetti !, Paolo Bassi® and Vincenzo Petruzzelli!
1Dipaurtimento di Ingegneria Elettrica e dell’Informazione, Politecnico di Bari, Via Orabona, 4, Bari, 70125, Italy,
giovanna.calo@poliba.it
2Departrnent of Engineering, University of Ferrara, Via Saragat, 1, Ferrara, 44122, Italy
3Department of Electrical, Electronic and Information Engineering, University of Bologna, Viale del Risorgimento, 2,
Bologna, 40136, Italy

Abstract—On-chip wireless optical communications among
distant cores in chip multiprocessors can lead to a completely new
approach to overcome the limits of current on-chip communica-
tion. In fact, using wireless connections mitigates the problems
related to the design and the fabrication of hugely complex
switching fabrics, where long paths suffer of crosstalk and loss is-
sues. Implementing wireless communication at optical frequencies
allows simplifications in network design and management. In this
paper, a solution based on Vivaldi plasmonic antennas integrated
with silicon waveguides is presented. Moreover, on-chip wireless
propagation characteristics and point-to-point link performances
in homogeneous and multilayered medium are investigated and
discussed.

Index Terms—Optical antennas, Nano antennas, Nanophoton-
ics, Surface plasmons, Wireless optical communications, Optical
networks on chip.

I. INTRODUCTION

The interconnection and the communication between the
cores of Chip Multiprocessors (CMPs) is a major challenge,
especially when the number of cores increases toward kilo-
core architectures. In this context, traditional point-to-point
connections through dedicated wires, based on planar metal in-
terconnects, cannot meet the requirements of high bandwidth,
low-power and low-latency. The most assessed technology to
overcome these limitations exploits Network-on-chips (NoCs)
[1] where communication lines are shared and the data traffic
is ruled by switching elements, network interfaces and inter-
switch links. However, a major limit of this technology arises
from multi-hop communications and to the consequent high
latency and power consumption.

Optical Network-on-Chip (ONoC) is a promising chip-scale
optical communication technology with high bandwidth ca-
pacity and energy efficiency which can be profitably used to
overcome these limitations [2]- [3]. With this approach, the
communication between the different cores is made through
a dedicated optical layer, thus exploiting the advantages of
optical domain signal transmission such as high bandwidth
and bitrate transparency. However, as the size of the optical
network scales up, the complexity of the layout and of the
routing scheme considerably increases and the overall power
budget is strongly worsened by signal losses and crosstalk,

due to waveguide crossings [5]- [6].

A new emerging approach to optical on-chip communica-
tion is the wireless transmission of optical signals exploiting
dielectric or plasmonic nanoantennas [7]- [11]. Thanks to
wireless connection among the furthest cores, Wireless Optical
Networks on Chip (WONoC) can improve latency issues,
alleviate topological constraints, and allow single-hop data
transmission. Moreover, the integration of optical antennas
with Silicon on Insulator (SOI) waveguides allows hybrid
wired/wireless communication schemes and opens up new
scenarios for network design and optimization.

The efficient coupling between plasmonic radiators and stan-
dard silicon waveguides is non-trivial and requires accurate
design, especially when highly directive radiation is needed
for point-to-point connections [12]- [16]. In [17] the authors
proposed a Vivaldi antenna coupled to a silicon waveguide,
in which efficient power transfer to the antenna is achieved
by an hybrid Si-plasmonic coupler. This structure guarantees
highly directive in-plane radiation and full compatibility with
standard optical components in SOI technology.

In addition to the optimal design of the radiating elements, a
topic that needs further investigations is the electromagnetic
propagation in an on-chip environment [18]. In this case, the
propagation conditions may strongly differ from the usual
ones, where obstacles are localized and introduce basically
diffraction phenomena. Here, the presence of multiple lay-
ers can also introduce waveguiding phenomena which can
strongly influence the propagation.

In order to design wireless optical networks, it is advisable to
develop propagation models (e.g. ray tracing models) which
account for the propagation channel characteristics and for
the physical environment properties, in analogy with radiofre-
quency and microwave wireless propagation. The development
of reliable models describing the channel usually requires the
comparison with on-site measurements. However, in the case
of on-chip wireless connections at optical frequencies, such
measurements are not yet available. Therefore, comparisons
with three-dimensional full-wave simulations are required.
Based on the results of [17], in this paper we propose the anal-
ysis of the electromagnetic propagation in a point-to-point link
between two Vivaldi antennas coupled to silicon waveguides
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Fig. 1: Sketch of the Vivaldi antenna coupled to the Si
waveguide (a) and of the link in a multilayered medium (b).

in different configurations. In particular, the electromagnetic
propagation in homogeneous medium and in multilayered
environment are considered. The results are obtained by three-
dimensional Finite Difference Time Domain (FDTD) models
[19] and they can be a first reference for the development of
propagation channel models and ray-tracing algorithms.

II. INTEGRATED SI-WAVEGUIDE FED VIVALDI ANTENNA
FOR OPTICAL WIRELESS LINKS

Fig.1 (a) shows the sketch of the Vivaldi antenna fed by
a silicon waveguide. The optical signal is launched into the
Si wire and it is vertically coupled to a plasmonic slotted
waveguide, made of silver. The plasmonic slotted waveguide
opens up into a Vivaldi antenna and radiates the signal in
the surrounding medium, i.e. SiO,. In the coupling section,
the Si and the Ag structures are vertically separated by a
gap g = 80 nm. The width and the height of the Si
wire are, respectively, w = 380 nm and h = 220 nm,
whereas the plasmonic waveguide width and the slot width
are, respectively, p = 270 nm and s = 30 nm. The thickness
of the Ag layer is t = 50 nm.

The length of the hybrid Si-plasmonic coupler, L, =
1.63 pm, was designed by applying the coupled mode theory
(CMT) and the normal mode analysis [20], [21] and by validat-
ing and optimizing the design through three-dimensional Finite
Element Method (FEM) simulations [22]. After designing the
coupling section, the Vivaldi antenna width is constrained by
the slotted waveguide width. The Vivaldi aperture profile is
given by the following equations:
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where R is the opening rate coefficient, z; and x5 are the
minimum and the maximum x coordinates of the Vivaldi
profile and, similarly, z; and z; are the minimum and the
maximum z coordinates. The antenna behavior was, therefore,
optimized by varying the antenna length L,. The optimal
length value L, = 1.75 um, corresponding to the maximum
antenna gain G = 9.9 dB, was found by FDTD simulations
[19]. Further details on the coupler and on the antenna design
and performance can be found in [17].

III. OPTICAL WIRELESS LINK BETWEEN SI-WAVEGUIDE
FED VIVALDI ANTENNAS

Fig.1 (b) shows the sketch of the analyzed wireless link.
The two Vivaldi antennas, coupled to Si waveguides and
buried into SiOs, are separated by a distance d. Moreover,
different material layers are considered, as in typical SOI
fabricated samples. In particular, an air over-layer and an Si
substrate are sketched in Fig.1 (b). In the following, we will
report the FDTD simulation results obtained by considering
different scenarios derived from the scheme of Fig.1 (b).
We will consider the simulation of the wireless link in a
homogeneous medium (i.e. SiO2 without both the air and the
Si top and bottom layers, labeled as configuration (a) in the
following) and then in a multilayer medium. In particular,
in the multilayer case, we will consider three scenarios: 1)
SiO4 with an on-top air layer (configuration (b)), 2) SiO5 with
an on-bottom Si layer (configuration (c)), and 3) stacked Si,
SiOo, and air layers (configuration (d)). In all the analyzed
cases, Perfectly Matched Layer (PML) boundary conditions
are implemented to delimit the calculation domain. The three
scenarios are the simplest models of the different topologies
that one can find when realizing the real circuits, as mentioned
before.

Fig.2 shows the electric field intensity (in logarithmic scale
and in the Y Z vertical plane) for the four above mentioned
scenarios. In these simulations, only the transmitting antenna
is considered. The top interface is located at a distance h; =
1.3 um from the antenna plane. The simulated wavelength is
A = 1.55 pum. The bottom interface is instead positioned at
hy = 1.0 pm from the waveguide plane (see Fig.1 (b) for
more details on the position of the two interfaces). As it can
be observed, while in the homogeneous case the propagation is
not affected by vertical plane reflections, in the other scenarios
field reflections strongly perturb the propagation along z. The
influence of these reflections on the field attenuation can be
better appreciated in Fig.3, where the electric field intensities
along z in the antenna plane (y = 300 nm) for the four investi-
gated scenarios are reported. The fields have been normalized
in order to have the same intensity (0 dB) in the far field
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Fig. 2: Patterns (in logarithmic scale) of the electric field
intensity |E|? in the Y Z vertical plane for: (a) homogeneous
medium, (b) Air-SiO, layers, (c¢) SiO»-Si layers, and (d) Air-
Si05-Si layers. In these simulations, only the transmitting an-
tenna is considered in the simulated scenarios. The wavelength
is A =1.55 um.

region (25 pm from the antenna). In Fig.3, the blue continuous
curve refers to the propagation in a homogeneous medium (the
(a) case of Fig.2). The dot-dashed dark-green curve is for the
propagation with air on the top, whereas the black dotted curve
is for the propagation with silicon on the bottom layer (the (b)
and (c) cases of Fig.2, respectively). Finally, the red dashed
curve refers to the propagation with the two interfaces (the
(d) case of Fig.2). In the (a) case the attenuation follows the
expected regular 1/72 trend (dashed black curve in Fig.3). For
the (b) and (c) configurations, the attenuation becomes greater
far away from the source following a 1/r* decay (dash-dot
black curve in Fig.3). This is due to the destructive interference
between the direct and the reflected signal contribution. In
the (d) case, on the contrary, the two interfaces create a
sort of waveguiding effect, which improves propagation in
the desired direction reducing diffraction phenomena. In the
case of the three-layered environment (d), the field intensity
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Fig. 3: Decay of the electric field intensity |E[?> (in dB)
along the propagation direction and for different multilayer
scenarios. The simulations are performed in the absence of the
receiving (Rx) antenna and the wavelength is A = 1.55 pum.

is considerably higher than in the other analyzed cases. This
leads to obtaining different values of the received power, when
a link between two Vivaldi antennas is considered for the four
different configurations.

Fig.4 shows the received powers at the output waveguide
of the RX antenna as a function of the wavelength and for
the four investigated scenarios. The distance between the
two antennas is d = 50 pm. The received power has been
obtained by computing the power flux at the output section
for the fundamental mode of the silicon waveguide. In each
simulation, an input power P;,, = 0 d Bm has been considered.
As a consequence, the power P, measured at the output port is
directly the power budget of the connection in each scenario.
In this figure, the blue continuous curve refers to a link in a
homogeneous medium (the (a) case of Fig.2). The dot-dashed
dark-green curve is for a link in a scenario with air on the top,
whereas the black dotted curve is for a link in the configuration
with silicon interface on the bottom layer (the (b) and (c) cases
of Fig.2, respectively). Finally, the red dashed curve refers to
a wireless link with the two interfaces (the (d) case of Fig.2).
At the wavelength of A\ = 1.55 pm, the link in the scenario
with a double interface (the (d) case) shows an increase of
the received power of 10 dB with respect to the wireless
link in a homogeneous environment (the (a) scenario). For
the other two configurations, when the interface is with air on
the top (scenario (b)), the received power is P, = —40 dBm,
with a reduction of 4 dB with respect to the propagation in a
homogeneous medium. The worst case is for the propagation
with silicon on the bottom (the (c) configuration), where the
reduction of the received power with respect to the (a) case is
of about 9 dB.

This is also confirmed by the plots of Fig.5, where the field
intensity |E|? in the Y Z vertical plane and for the different
investigated configurations is reported. The wavelength is A =
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Fig. 4: Received power P, (in dBm) at the output section of
the receiving antenna as a function of wavelength and for the
different investigated scenarios.

1.55 pum. As it can be noticed, the field confinement of the
two interfaces (the (d) scenario) is beneficial for the link. On
the contrary, reflections and power leakage of the (b) and (c)
scenarios weaken the field at the receiver, with consequent
attenuation of the detected power.

IV. CONCLUSION

In this paper we have investigated the performance of
an optical wireless link for Optical Wireless Network on
Chip applications in different scenarios. For the link, Vivaldi
antennas coupled to silicon waveguides through hybrid Si-
plasmonic couplers have been considered. Point-to-point links
in multilayered environments have been considered and 3D-
FDTD simulations have been performed. Results show that
the technology can strongly influence the link properties and
cannot be ignored when designing the chip. For example,
the presence of a double interface induces an increase of
the received power of about 10 dB with respect to the
propagation in a homogeneous medium. This phenomenon is
due to multiple reflections at the interfaces, that tend to confine
the electromagnetic field in the central SiOy layer. On the
contrary, the presence of a single interface, either on the top
or on the bottom side of the link, causes a reduction of the link
performance, with an attenuation of the received power with
respect to the case of a link in homogeneous environment.
The proposed results, obtained via three-dimensional fullwave
simulations in a realistic environment, can be a reference
for the development of propagation models and ray-tracing
algorithms. Once validated with numerical methods ray tracing
algorithms can be used to speed up simulations and to investi-
gate wireless channel characteristics also in complex scenarios
(presence of cores or waveguides between the transmitter and
receiver, broadcast link, etc.).
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Fig. 5: Patterns (in logarithmic scale) of the electric field
intensity |E|? in the Y Z vertical plane for: (a) homogeneous
medium, (b) Air-SiO» layers, (c) SiO»-Si layers, and (d)
Air-SiO,-Si layers for an optical link between two Vivaldi
antennas. For all the considered scenarios, the link distance is
d = 50 pum and the wavelength is A = 1.55 um.
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