|

Check for
updates

Research Article Vol. 25, No. 14 | 10 Jul 2017 | OPTICS EXPRESS 16214

Optics EXPRESS

Integrated Vivaldi plasmonic antenna for
wireless on-chip optical communications

GAETANO BELLANCA,! GIOVANNA CALO,%2 ALI EMRE KAPLAN,!
PAOLO BASSI,3 AND VINCENZO PETRUZZELLI?"

1Department of Engineering, University of Ferrara, Via Saragat, 1, Ferrara, 44122, Italy
2Dipartimento di Ingegneria Elettrica e dell’ Informazione, Politecnico di Bari, Via Orabona, 4, Bari,
70125, Italy

3Departrnen’[ of Electrical, Electronic and Information Engineering, University of Bologna, Viale del
Risorgimento, 2, Bologna, 40136, Italy

*vincenzo.petruzzelli @poliba.it

Abstract: In this paper we propose a novel hybrid optical plasmonic Vivaldi antenna for
operation in the standard C telecommunication band for wavelengthsin the 1550 nmrange. The
antenna is fed by a silicon waveguide and is designed to have high gain and large bandwidth.
The shape of the radiation pattern, with a main lobe along the antenna axis, makes this antenna
suitable for point-to-point connections for inter- or intra-chip optical communications. Direct
port-to-port short links for different connection distances and in a homogeneous environment
have also been simulated to verify, by comparing the results of a full-wave simulation with the
Friis transmission equation, the correctness of the antenna parameters obtained via near-to-far
field transformation.
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1. Introduction

Chip Multiprocessors (CMP) exploiting parallel computation capabilities are the state of the art
solution to face the constant need of increasing computing system efficiency. A CMP replicates
different processing cores on the same die, working in parallel on isolated CPU operations,
and interconnected to share resources. In these configurations, as the number of computational
units increases, efficient interconnection among the processors is becoming a major challenge.
To this purpose, traditional bus architectures have been replaced with Network on Chip (NoC)
topologies [1]. In more aggressive approaches, optical interconnections on chip (ONoC) are
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proposed [2—4]. The introduction of ONoC can be disruptive in term of bandwidth, latency and
power consumption [5]. Major drawbacks, in this case, are represented respectively by footprint
increasing and layout complexity, with consequent difficult implementation of the routing
algorithms, and by the high signal loss due to inevitable multiple waveguide crossings, which
worsen the overall power budget [6]- [8]. For these reasons, wireless connections (WiNoC)
have been investigated as a complementary solution to link distant cores [9-11]. In these
approaches, the operation frequency ranges from tens (millimeter waves) to hundreds of THz
(near-infrared). A survey of WiNoC propagation and the issues involved in channel modeling
have been addressed in [12].

The use of on chip wireless connections through optical signals (OWiNoC) allows combining
the advantages of both ONoC and WiNoC approaches, without requiring frequency converters
and transceivers. With this technique, in fact, optical signals could be either routed through
waveguides or wireless links, thus avoiding integration of electronic devices for electro-
optical conversions, reducing complexity and energy costs. The elimination of electro-optical
conversion has also the potential to guarantee bitrate transparency and distance independence
of the photonic links. Optical wireless broadcasting links have been initially suggested in
[13], where better performance with respect to regular plasmonic waveguides has also been
demonstrated. The design of efficient broadband wireless nanolinks and networks is presented
in [14], where power transfer using on-chip integrated plasmonic antennas is compared to a
direct waveguide-based interconnect. In this work, horn nanoantennas with alarge footprint are
proposed, being the metal deposited on awide areaon the chip. In [15], ashort-distancein-plane
wireless communication system via nanoscale plasmonic antennas has been experimentally
demonstrated. Here, the authors investigate the use of dipoles, which are known to have a
small directivity. For optical wireless communications, antennas with high efficiency are key
components whose optimization is essential to cope with problems related to the attenuation
determined by light propagation in an unbounded medium. In fact, at optical frequencies the
distance between processors allocated on the same chip, though not very large in absolute
terms, is significant if considered with respect to the used wavelengths. In [16] authors show
how the use of impedance-matched and directive nanoantennas enhance the capability of an
optical wireless link even with respect to regular plasmonic waveguide connects which, by
suffering from metal absorption, are outperformed by wireless connections for distances larger
than 8 um.

Optical antennas convert freely propagating optical radiation into localized energy, and vice
versa[17]. They alow manipulation of the light at the nanoscale, while enabling controlling of
the far field emission. Advances in fabrication technologies have resulted in a strong increase
of the use of these devices [18]. Optica antennas are having a disruptive impact on a variety of
fields such as microscopy [19], nonlinear optics[20], photoemission and photodetection [21,22],
sensing [23] and spectroscopy [24]. Examples of nanoantennas for optical interconnections are
illustrated in [25-28]. These antennas have been inspired from different designs of microwave
radiators and optimized both to match the impedance and to provide high directivity in the
optical telecommunication wavel ength range. Some antennas are based on simple designs such
as Dipole or Bow-Tie[29-31], but also more complex implementations such as Yagi-Uda have
been proposed [32]. Hybrid solutions using plasmonic antennas with waveguide feeding [26—
28] are better suited for OWiNoC applications, for easy integration between wired and wireless
connections.

In this paper, we propose the design of a Vivaldi plasmonic antenna for on-chip optical
communications and numerically investigate the performance of an optical wireless link based
on this suitably designed antenna. The Vivaldi antenna[34], often used in the microwave range
when high-gain and relatively large bandwidth are required [35], is agood candidate for optical
wireless communications. In fact, by suitably tailoring the antenna geometry, it is possible to
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obtain good performance also at optical frequencies[36]. This antenna has been chosen among
the possible ones asit provides asimple geometry, asmall side extension, ahigh gain and alarge
operating bandwidth. Nonetheless, the design criteria and the propagation analysis proposed in
thiswork can be easily applied to other aperture antenna geometries, such as horn antennas.

A large bandwidth is required in OWiNoCs, to allow wireless communication of the entire
WDM spectrum propagating in the optical wired links and to guarantee the high capacity
needed by intra-chip communications. High gain is desirable to limit the transmitted power
and, therefore, to reduce the overall power consumption. Other proposed optical nanoantennas
do not provide such a high gain (see for example [26] and [28]) or bandwidth (such as the
dipole or Yagi-Uda: see[37] for discussion on this point). Moreover, excitation through silicon
waveguides is not straightforward [32]. In the investigated design, the Vivaldi is obtained
by properly shaping a slotted microstrip deposited above a silica substrate. The antenna
has been tailored for high gain and efficient feeding, to significantly enhance port-to-port
communications. The high gain maximizesthe power budget of the link. Moreover, it minimizes
possible interference with other wireless optical connections and undesired coupling with the
circuitry, thus alowing an increase in circuit integration. Transmitting and receiving sections
have been designed to allow adirect and efficient coupling between the antennas and the optical
waveguides used for signal distribution among the processors.

The paper isorganized asfollows: in the next section, after a short description of the proposed
antenna, the transition between the silicon waveguide and the plasmonic structure is optimized.
Then, design and maximization of the performance of the optical antennain the C-band (1530—
1565 nm) are addressed. Findly, results relevant to the simulation of a point-to-point wireless
link are presented and discussed. The gain of the antenna obtained through near-to-far field
transformation is compared with the one determined through the direct full-wave simulation of
awireless connection.

2. Design and optimization of the feeding section of the optical antenna

The geometry of the proposed structure is sketched in Fig. 1. The device consists of a silicon
waveguide (S, refractive index n = 3.470) exciting the plasmonic antenna. The two structures
areimmersed in silica (SO, n = 1.444).

Si0,

'L

Fig. 1. Sketch of the optica antenna: 3D view (left); lateral view (right). The ochre
geometry represents the silicon waveguide, whereas the light-blue one is the plasmonic
structure. The silicon waveguide has dimensionsw x h. The gap between the photonic wire
and the plasmonic structure is g, while s is the width of the slot between the two arms of
the plasmonic waveguide. The thickness of the metallic strip ist and the width of each arm
isp. L. isthelength of the coupling section, whereas L, is the length of the antenna.

In this geometry, three sections can beidentified: the diel ectric waveguide, the coupler and the
Vivadi antenna. The aim of the coupling section isto allow an efficient transfer of the photons
from the silicon wire to the plasmonic waveguide (in the transmitting section) and vice versa
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(at the receiver). The plasmonic waveguide is then used to excite the antenna (or to receive
the photons collected by the antenna). The antenna is obtained by properly shaping a slotted
microstrip deposited above the silica substrate. In thiswork, the material used for the plasmonic
waveguide is Silver, but other metals such as Aluminum or Gold could also be considered:
what is really important for the fabrication of the structure is the compatibility of the used
materialswith standard CM OS processing techniques, which guarantees the compatibility of the
process for both the electronic and the optic layers. In our simulations to describe the complex
permittivity of the Silver we used a dispersive mode with Johnson and Christy parameters [33].
In the investigated configuration (see Fig. 1), the antennais fed through a S photonic wire and
positioned at the end of the silicon waveguide, to minimize the influence of the silicon wire on
its radiation diagram.

In order to design the transition between the silicon and the plasmonic slotted waveguide,
the results of the Coupled Mode Theory (CMT) and of the normal mode analysis have been
exploited. Although the CMT is not rigorous when strongly coupled waveguides are considered,
it can be used to achieve the geometrical design with negligible computational effort, provided
further verifications and optimizations of the chosen configuration with fullwave simulations.
According to the CMT, the overal structure can be considered as the superposition of two
waveguides, i.e. the S and the plasmonic slotted waveguide. To maximize the power transfer,
the synchronism condition between waveguide modes must be verified (i.e. the detuning factor
6 = B2 — B1 = 0, with 8, and B2 being the propagation constants of the modes of the two
isolated waveguides we require to coupl€). This meansthat the effective refractive indices (n, )
of the two waveguide modes must be equal. This condition can be verified by properly tailoring
the geometrical parameters of the coupler. It is worth underlying that, in order to apply a very
simple design procedure, losses have not been included in the Coupled Mode Theory (CMT).
Therefore, the synchronism condition and the coupling length have been cal culated considering
only thereal part of the effective refractive indices.

For the design of the coupling section, the Finite Element Method (FEM) [38] has been
exploited including (structure) losses. The synchronization of the fundamental TE modes of
the two structures has been obtained by optimizing the widths of the silicon (w) and of the
plasmonic (p) waveguides. The heights have not been used as geometrical parameters for
tailoring, since each value is settled by other constraints. For example, for the silicon waveguide
we have chosen h = 220 nm, to guarantee the compatibility with other photonic wires used for
signal distribution inside the chip (thisis the standard waveguide height for waveguidesin SOI
technology). The thickness of the plasmonic structure, on the contrary, has been adjusted by
taking into account possible technological constraints. To avoid complicationsin the fabrication
process, in fact, athicknesst = 50 nm has been considered. The design has been optimized for
A = 1.55 um, which is the central wavelength of the WDM spectrum we are supposing to use
for signal distribution.

Figure 2(a) relates the effective refractive indices of the fundamental TE mode of both the
silicon and the photonic waveguides to the pertinent waveguide width (w for the silicon wire, p
for the plasmonic structure). The black dashed curve refersto the S structure, whereas colored
solid curves are for the plasmonic waveguide: plots for different values of the slot width s are
shown (from s = 20 nm (blue curve, the rightmost one in the plot) to s = 70 nm (yellow curve,
the leftmost one in the plot)). For an assigned value of n,.r, waveguide widths are chosen
through intersections with the corresponding curves. For example if n. s = 2.4 (vertical dash-
dotted line), w = 480 nm (which is the width of standard waveguides in SOI technology) and
p = 80 nm, for a plasmonic waveguide with aslot s = 30 nm (green curve in Fig. 2(a)). The
solution isclearly not unique: in fact, even once selected the slot width s, different combinations
of n.¢r, w and p are allowed. Therefore, the choice should be made by considering other aspects
such as, for exampl e, the difficulty of the fabrication process, the amount of |osses, the footprint,
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etc.

In order to operate a unique selection of the geometrical parameters, we calculated the
coupling length L. for the different couples of width values (w and p) by computing the
supermodes (i.e. the normal modes of the overall structure formed by the silicon and the
plasmonic waveguides) of the two-waveguides structure. According to the norma mode
analysis, once verified the synchronism condition, the coupling length L. can be calculated
as.

2
~ 2(Ne1 - Ne2) @)

where n.1 and n.., arethe effective refractive indices of thefirst two normal modes of the overall
structure. In our simulations, we used a vertical gap between the two waveguides g = 80 nm.
Moreover, we focused our attention on a plasmonic waveguide with aslot s = 30 nm, which
is compatible with current fabrication technology. The coupling length as a function of the
effective refractive index of the two waveguides is reported in Fig. 2(b). For an.z = 2.4,
the coupling length results L. = 5.2 um (dash-dotted line in Fig. 2(b)). A shorter coupling
length can be obtained by operating with smaller values of the effective refractive index. By
choosing for example n.sr = 2.17 (dotted vertical line in Fig. 2(b)), L. = 1.63 um, which
is much shorter than the coupling length previously determined. This last configuration has
been preferred for two reasons: (i) being the plasmonic waveguide shorter, losses in the metal
are minimized and better efficiency for the antenna could be obtained; (ii) the width of the
plasmonic waveguide is not critical for the performance of the coupler. In fact, the curverelating
the effective refractive index to the width pisvertical, in practice (seethegreen plot in Fig. 2(a)),
meaning that alarge tolerance in the choice of p ispermitted (by changing p, the corresponding
Ne sy 1S practically constant). This condition definitely eases the fabrication process, where the
control of the geometry could be difficult. With this value of the effective refractive index, by
considering in Fig. 2(a) the intersection of the dotted vertical line with the green curve (s =
30 nm) of the plasmonic waveguide, the width p results p = 270 nm. For the silicon waveguide,
the intersection of the dotted vertical line with the dashed black curve gives w = 380 nm.
The final configuration of the geometry of the coupler is therefore: w = 380 nm, s = 30 nm,
p=270nmand L, =1.63 um.

For completeness, we have also evaluated the bandwidth of the coupler. To this purpose, S
parameters have been computed in the 1.5 um — 1.6 um wavelength range. The input port
has been defined in the cross section of the silicon waveguide, before the region where the
two waveguides are superimposed. A cross section of the the plasmonic slotted waveguide has
been considered as the output port of the device. In these simulations, the antenna has not been
included in the scenario. The inset in Fig. 2(b) shows the reflection (|S11, black dashed plot)
coefficient at the input port and the transmission coefficient (| S|, red solid curve) between the
two ports. The power transfer is good in the whole wavelength range (|S$1| > —1 dB) and the
reflection coefficient is always limited (| S| < —18 dB).

Lc

3. Optimization of the Vivaldi antenna

The Vivaldi antenna has been designed through simulations performed by using Lumerical
FDTD [39]. The geometrical parametersinvolved in the optimization procedures are the antenna
length L, and the exponential taper profile, adjusted via the opening rate coefficient R [40]. R
influences the shape of the antenna aperture: larger values correspond to smoother transitions
between the gap and the antenna termination, whereas smaller values give almost straight
transitions, making the Vivaldi more similar to ahorn antenna. Except for these two parameters,
the antenna geometry (the width p of the two metallic strip, their thicknesst and the width s of
the slot) depends on the dimensions of the plasmonic waveguide used in the feeding section. In
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Fig. 2. On the left: Plot of the curves relating the effective refractive index n,sr of
the fundamental TE mode of the isolated waveguides to the waveguide width (w or p),
respectively for the photonic wire (black dashed curve) and for the plasmonic waveguide
(colored solid curves). For the plasmonic waveguide, curves are plotted as a function of
the slot width s from s = 20 nm (blue curve, the rightmost one in the plot) to s = 70 nm
(yellow curve, theleftmost oneinthe plot). Inthese simulations, A = 1.55 um. On theright:
Coupling distance L. asafunction of the effective refractive index n, 7+ for acoupler with
a s = 30 nm slotted plasmonic waveguide. In these simulations, 2 = 1.55 um. The inset of
the right figure shows the S parameters (red solid curve for |S1| and black dashed curve
for |Sy1]) of the coupler inthe 1.5 um — 1.6 um wavelength range.

fact, the Vivaldi is built as an extension of this structure, to ease the fabrication of the device.
As discussed in the introduction, the quantities to be optimized for the applications considered
in thiswork are the gain and the bandwidth.

The importance of having a broadband deviceis straightforward: a broadband antenna allows
efficient irradiation of al the carriers used for the communications inside the chip, avoiding any
time and energy consuming processing to aggregate different channels. To better appreciate the
fundamental role of the gain on the link performance, the attenuation introduced by free space
propagation as afunction of the distance should be considered. When the connection takes place
in a homogeneous medium and between two antennas in the far-field region, both matched in
impedance and polarization, the link power budget can be obtained through the well known
Friis transmission equation [41]:

P, =P, + G, + G; + 20 10g10 (/l_/n) 2

4rd

where P, and P, are respectively the received and the transmitted powers (in dBm), G, and
G, are the antenna gains (in dB), A is the wavelength of the electromagnetic wave used
for the connection, n is the refractive index of the medium and d is the distance between
the two antennas. In this equation, the last term describes the loss in signal strength of an
electromagnetic wave that would result from aline-of-sight path through free space. It isusually
known as Free-Space Path Loss (FSPL) and expressed in dB as Ag = —2010g1p (1/(4xdn)). As
one can notice, the power drops with the square value of the distance normalized with respect
to the wavelength of the used carrier. The Friis transmission equation is commonly used in
telecommuni cations engineering when linking two antennas under idealized conditions, such as
infinite and homogeneous propagation medium. This condition could obviously not be verified
when the connection takes place inside a chip, and it is only used here for a rough estimation
of both the attenuation and the antenna parameters needed to guarantee the possibility of an
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efficient point-to-point connection.
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Fig. 3. Free-Space Path Loss Ag (in dB) of a wireless connection as a function of the
distance (normalized with respect to the wavelength) between the transmitting and the
receiving antennas for a link in air (blue solid curve) and on a homogeneous SO, (red
dashed curve), respectively.

Figure 3 shows the attenuation of a wireless connection as a function of the distance
(normalized with respect to the wavelength): the attenuation grows with the distance, and is
larger when the wave propagates on a medium denser than the air. For example, if an optical
link of 50 um at the wavelength 1 = 1.55 umis considered, the FSPL is Ag = 52.16 dB in air
(n = 1), and Ay = 55.35 dB in silica, where the refractive index is larger (n = 1.444). These
values of the attenuation become respectively Ag = 58.18 dB in air and Ag = 61.37 dB in
silicafor alink 100 um long, but they grow to Ag = 98.18 dB in air and Ap = 101.37 dB in
silicafor a wireless connection of 1 cm, which is the distance among the cores that should be
considered for intra-chip optical wireless connections [42]. To cope with the Free-Space Path
Loss, antennas with high gain are therefore mandatory in OWiNoC applications.

To investigate the performance of the Vivaldi antenna, the radiation pattern and the directivity
as a function of the wavelength have been considered first. Directivity and radiation patterns
have been obtained by performing standard near-to-far field projections of the fields recorded,
for different wavelengths (and therefore once applied Fourier transformations on time-domain
FDTD field values), on a closed box surrounding the antenna [43]. The structure has been
excited, in the 1.5 um — 1.6 um wavelength interval, with the fundamental TE mode of the
silicon photonic wire. The results obtained for a Vivaldi with length L, = 2.5 um and opening
rate R = 3.0 um~! areillustrated in Fig. 4(a). In thisfigure, the directivity is plotted with respect
to the wavelength, and ranges from a minimum of 9.0 dB (for A = 1.500 um) to a maximum
of 11.1 dB (for A = 1.554 um). In the considered wavel ength range, the reflection coefficient at
the input port (the feeding section of the silicon waveguide exciting the antenna) |Sy1|? is small
and slowly varying: in fact, it spans between —8.0 dB and —11 dB. The proposed antenna, from
the point of view of both directivity and impedance matching at the input port, has therefore
a sufficient bandwidth to efficiently radiate WDM signals in the 1.55 um telecommunication
band.

The radiation patterns of the antennain the horizontal (xz) plane are aso plotted in Fig. 4(b),
respectively for 4 = 1.5 um (top plot), 2 = 1.55 um (central plot) and A = 1.6 um (bottom
plot). The antenna maintains its main lobe alwaysin the same direction (along its axis), and can
therefore be exploited to operate in a point-to-point configuration. These properties show that
the proposed antenna is well suited to be used in OWiINoC. As the Vivaldi antenna radiates a
linearly polarized field with the main E-field component on the xz plane, where the antenna has
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Fig. 4. On the left: directivity of the Vivaldi antennafor L, = 2.5 umand R = 3.0 um~1
as afunction of the wavelength in the 1.5 um — 1.6 um wavelength range. The inset shows
the reflection coefficient (|S1/2) at the input port in the same wavelength interval. On the
right: radiation patterns of the Vivaldi Antennaon the horizontal (E) planefor 2 = 1.5 um
(top plot), A = 1.55 um (central plot) and 2 = 1.6 um (bottom plot).

also the direction of maximum radiation, we will refer to this as the E plane of the antenna, as
usua in antenna theory. Moreover, the yz plane contains the main H-field component and the
direction of maximum radiation. Therefore, we will refer to this plane asthe H plane.

The optimization of the Vivaldi antenna has been performed by simulating the structure of
Fig. 1 for different values of the antenna length L, first, and then by changing the opening
rate R. We performed the optimization with respect to the antenna gain G, which is related
to the directivity D through the antenna efficiency. The gain is better suited to evaluate the
performance of an antennaon alink. Infact, it entersdirectly in the formula of the power budget
(see EqQ. (2)) and represents a figure of merit which takes into account both the directional
properties of the antenna and its capabilities to irradiate the power supplied at the input port.
The antenna efficiency is cal culated by taking into account the reflection coefficient at the input
port and the power dissipated on the antenna due to the conductivity of the metal [14]. We
focused our investigations at the central wavelength (1 = 1.55 um), and computed the gain as
afunction of L, when R = 3.0 um~1. Results are shown in Fig. 5(a). The directivity of the
antenna (red-dashed curve, right axis) has amaximum of 11.8 dB for L, = 4.25 um. However,
dueto the absorption in the metal, for this configuration the gain is not maximized (G = 9.3 dB):
a better performance is obtained for L, = 1.75 um, where G = 9.8 dB (the antenna is shorter
in this configuration, and therefore losses in the metal are weaker), although the directivity
is dlightly reduced to D = 11.5 dB. From our simulations we observed a periodic behavior
of the directivity as a function of the length L, with maxima corresponding to resonances
of the structure. These maxima have higher values of the directivity for longer antennas, but
due to losses in the metal the gain does not follow this trend, and the best performance are
obtained for asmall value of L. In Fig. 5(b) the radiation patterns of the investigated structure
(L, = 1.75 um, R = 3.0 um™1) are reported for three different values of the wavelength. The
top plotisfor 2 = 1.50 um; the central plot isfor 4 = 1.55 um whereas the bottom one is for
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Fig. 5. On theleft: directivity (red dashed curve, right axis) and gain (blue solid curve, left
axis) of the Vivaldi antennaas afunction of L,,. In these computations, R = 3.0 um~1 and
A = 1.55 ym. On theright: radiation patternsfor 2 = 1.50 um (top plot), for 2 = 1.55 um
(central plot) and for 2 = 1.60 um (bottom plot). The blue solid curves show the radiation
patternsin the horizontal (E) plane, whereas the red dashed curves refer to the vertical (H)
one. For these simulations, antenna parametersare L, = 1.75 ym, R= 3.0 um™1,

A = 1.60 um. In al the plots, the blue solid curves are the radiation patterns in the E plane,
while the red dashed lines are the radiation patterns in the H one. As it can be noticed, the
maximum of the radiation is along the axis of the antenna (z axis). In the vertical H plane, the
antenna radiates with a small tilt (less than 10.0° for A = 1.55 um). Thisis due to the presence
of the silicon feeding waveguide, which perturbs the vertical symmetry of the structure and
causes a reduction of the gain of about 0.15 dB on the horizontal plane. To limit this undesired
tilt, the Vivaldi antenna was shifted with respect to the photonic wire, of an amount determined
by the length L, optimized for a maximum of the gain G.

The effects of the opening rate R on both the gain and the directivity are reported in Fig. 6(a).
The directivity hasamaximum of D = 11.8 dB (red dashed curve, right axis) for R = 3.5 um™.
For this configuration, also the gain is maximum (blue solid curve, |eft axis in the same figure)
and holds G = 9.95 dB. The parameters of the optimized Vivaldi antenna are therefore L, =
1.75 umand R = 3.5 um~L. Figure 6(b) shows the gain as a function of the wavelength. In the
wavelength range of the C-band (1530 — 1565 nm), the gain spans from the minimum value of
G = 9.20 dB to the maximum value of G = 9.95 dB, and is bigger than the one of the similar
antennas investigated in [14] and [28]. The inset of the same figure shows that the reflection
coefficient at the feeding port is still small and slowly variable, being aways limited to |Sy1|? <
—8 dB; this confirmsthat the proposed antenna can be efficiently used for OWinOC applications.
The total antenna efficiency, evaluated through the ratio between the gain and the directivity, is
n, = 0.65. This value includes the coupling efficiency . and the radiation efficiency n,., being
n: = 1. - n-. Theradiation efficiency accounts for the losses inside the antenna, that could bein
both the diglectric (dielectric losses) and the metal (conduction losses). The coupling efficiency
takes instead into account the impedance mismatch at the input of the antenna, and it is related
to the reflection coefficient |Sy1|. As|Si1]? = =10.5dB, . = 1 — |S;1|2 = 0.91. It follows that
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n- = n¢/n. = 0.71. This means that about the 30% of the input power is dissipated into the
plasmonic structure.
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Fig. 6. On the left: directivity (red dashed curve, right axis) and gain (blue solid curve,
left axis) of the Vivaldi antenna as a function of R and for 4 = 1.55 um. In these
computations, the length of the antennais L, = 1.75 um, which is the optimized value
obtained previously. On the right: gain of the optimized antenna (L, = 1.75 um and
R = 3.5 um~1) asafunction of the wavelength. The inset shows the reflection coefficient
|S11/2 inthe 1.5 um — 1.6 um wavelength interval.

For these simulations we used a variable-conformal mesh, with aminimum step size of 7 nm.
The computational domain extended for 11 um along the propagation direction (z axis), and
for 2.5 um on both the directions of the transverse (xy) plane. We used stretched coordinate
Perfectly Matched Layers (PML) to absorb the outgoing fields at the edges of the simulated
region. Each simulation required about one hour running in parallel on 10 processors (Intel
Xeon E5620) to compute all the field components in the near field region. Near-to-far field
projections are computed once finished the FDTD simulation. Convergence tests have shown
that, by reducing the mesh size to a minimum step size of about 4.5 nm, the cal culated value of
the directivity changed of less than 2.5%, while the computation time increased to more than
two hours.

4. Performance of the optical wireless link

Finally, the performance of a wireless link has been investigated by simulating a connection
between two Vivaldi antennas coupled with their silicon waveguides and positioned in the far
field region, so that FDTD simulation results can be compared with the ones obtained via
the Friis formula of Eq. (2). To this purpose, the transmitting TX and receiving RX antennas
have been positioned 50 um apart, a distance that verifies the hypothesis of the far-field region,
embedded in homogeneous silica. A sketch of the wireless link isillustrated in Fig. 7. In this
picture, the input and output ports of the link have been highlighted. These ports are defined on
the Silicon waveguides respectively at the transmitter (TX) and at the receiver (RX), and alow
to compute, through evaluation of the power fluxes, the power P, supplied to the transmitting
antenna and the power P, collected by the receiver. In this way, the power budget of the link
can be directly calculated from the FDTD resullts.

As previously pointed out, the approach based on the Friis transmission equation represents
an idedlistic propagation condition used here to test the performance of the proposed antennas.
In more redlistic conditions, for OWiNoC applications the propagation will be strongly
influenced by the discontinuities introduced by the layered structure of the chip and by the
presence of other optical devices in the propagation medium. Investigations on the effects of
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Fig. 7. Sketch of the wireless optical link with definition of the input and output ports on
the silicon waveguides respectively at the transmitter and the receiver. P, istheinput power
on the S waveguide exciting the TX antenna, whereas P, is the output power collected by
the waveguide at the RX section. d isthe length of the optical wirelesslink.

these discontinuities will be the central topic of afurther paper.
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Fig. 8. Pattern of the electric field |E|2 (logarithmic scale) on the horizontal (top plot) and
vertical (bottom plot) planes for an optical link between two antennas embedded on silica
and positioned 50 um apart. The wavelengthis 2 = 1.55 um. Axes are not in scale, to ease
visualization. Thetop axis in both plots shows the Z coordinate normalized with respect to
the propagation wavel ength.

Figure 8 shows the patterns of the electric field intensity |E|? for an optical link between
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two antennas embedded in silica and positioned 50 um apart. The top plot (Fig. 8(a)) refersto
a horizontal xz plane passing at the center of the metal layer. The bottom plot (Fig. 8(b)) is
instead for a vertical yz plane at the center of the computational domain. The wavelength is
A = 1.55 um. From this picture it is possible to observe the decay of the field intensity with
the distance, but aso the positive consequences of the directivity of the antenna. The power
collected at the output waveguide is also evident. This confirms the beneficial effect of both
the transmitting and the receiving antennas. The former, which is able to control the far-field
emission through manipulation of the field at the nanoscale. The latter which collects photons
from the free space and transfers the received power toward the output port.
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Fig. 9. On the left: plots of the received power (in dBm) at the output port of the link for
different connection lengths d in the 1.5 um — 1.6 um wavelength interval. On the right:
comparisons among the received powers obtained, for different connection lengths d, by
simulating with FDTD the whole link and through the Friis equation with the values of the
antenna gain obtained in the previous section. In these smulations, 4 = 1.55 ym.

The received power at the output section of the link as afunction of the wavelength is plotted
in Fig. 9(a). Different link distances have been investigated. Being the values normalized to an
input power of P, = 0 dBm, the power P, measured at the output port is directly the power
budget of each connection. As expected, the maximum efficiency is obtained for 2 = 1.55 um,
where the TX and RX antennas are optimized for the higher gain. For this wavelength, by
considering that for d = 50 um the free-space path loss Ag = —55.35 dB, the received power
is P, = —36.50 dBm, and the fact that the two antennas are identical, the estimated gain from
the Friisequation isGg = 0.5 (P, — P, — Ag) = 9.425 dB, in good agreement with the values
previously determined. In fact, from FDTD simulations of the Vivaldi antenna with near-to-far
field projections we obtained a gain G = 9.95 dB. However, due to the tilt of the radiation
pattern in the vertical plane (see the red dashed curve on the central plot of Fig. 5(b), where the
radiation patternsfor 2 = 1.55 umareillustrated, areduction of 0.15 dB is expected. Therefore,
G = 9.8 dB and the relative error for the evaluation of the gain with the two approaches (G —
Gr)/G-100isof about 3.8%. When d = 100 um, the gain from the full-wave simulation of the
link isabit higher (Gr = 9.67 dB); inthiscase, therelative error issmaller than 1.3%. In all our
simulations, the relative error for the gain was always smaller than 3.9%. Wethink that thiserror
is determined by the differences in the mesh used in FDTD simulations when computational
domains with different lengths are represented. Figure 9(b) compares the received powers P,
obtained via FDTD simulation of the whole link and through the use of the Friis equation
with the value of the antenna gain obtained with the simulation of the single antenna. Different
connection lengths d have been considered. In these smulations, 2 = 1.55 um. As it can be
noticed, the differences between the results obtained with the two approaches are very small.
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The maximum error in the received power is always smaller than 3.0%.

As for the computation of the antenna parameters, for these simulations we used a variable-
conformal mesh, with a minimum step size of 7 nm. For the case relevant to alink distance of
50 um, the computational domain extended for 62 um along the propagation direction (z axis),
and for 2.5 um on both the directions of the transverse (xy) plane. We tested the accuracy of the
results by reducing the mesh to a minimum step size of 5 nm, and obtained a modification in
the received power P, of lessthan 6.0%. Asthe computation time increased from 6 to 16 hours
running the simulation in parallel on 12 processors, we decided to keep the mesh resolution
previously used for the design of the Vivaldi antenna.

5. Conclusion

In this paper we have proposed a hybrid optical plasmonic Vivaldi antennafor Optical Wireles
Network on Chip applications operating in the standard C (1530 — 1565 nm) tel ecommunication
band. The antennaisfed by asilicon waveguide and is compatible with standard SOI technol ogy.
The design reports a gain of about 10 dB and a bandwidth which largely covers al the
spectrum of the C band. The antenna maintains its main lobe always aong its axis, and
can therefore be exploited to operate in a point-to-point connection for inter- or intra-chip
optical communications. Direct port-to-port short links have also been simulated to verify, by
comparing the results obtained with the Friis transmission equation, the correctness of the gain
of the antenna evaluated through near-to-far field transformation. Relative errors on the gain
smaller than 3.9% have been reported. The maximum corresponding error in the received power
is always smaller than 3.0%. We think that the use of directive nanoantennas could greatly
enhance the capability of optical wireless links for on-chip communications. Works are in
progress for the design of antenna arrays based on the proposed Vivaldi antenna. The aim is
to exploit the increase in gain suited by this configuration to realize longer links for inter- and
intra-chip optical communications.

Funding
Ministero dell’ Istruzione, dell’ Universita e della Ricerca (MIUR); PRIN 2015 (20155EABBC).

Acknowledgments

Gaetano Bellanca acknowledges support from "Bando per I’acquisizione di strumenti per la
ricercadi Ateneo - Anno 2015" of the University of Ferrara.





