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Abstract— Optical Wireless Networks on-Chip have been
recently proposed as alternative paradigm to overcome the
communication bottleneck in computing architectures based on
electrical networks. In this paper, we propose the design of a
3×3 switching matrix for optical wireless on-chip interconnection.
The design exploits integrated optical phased arrays to guarantee
the communication among three transmitters and three receivers.
In this work, the effect of multipath propagation in the on-chip
multi-layer structure is taken into account, and the impact of
the cladding layer thickness is evaluated. The proposed device is
intended to interconnect multiple nodes assuring reconfigurabil-
ity and high bandwidth.

Index Terms— Wireless optical interconnects, optical antennas,
optical phased arrays, on-chip interconnection.

I. INTRODUCTION

NETWORKS on-chip (NoCs), where different cores or
processing units are connected through electrical links

and switching fabrics [1], are nowadays the most well assessed
approach in computing architectures. The constant growth
of the computational requirements of data-intensive applica-
tions suggests that the performances of conventional electrical
NoCs will become limited, since they suffer from scalability
bottlenecks, latency-inefficient multi-hop communication and
limitations in the delivered communication bandwidth [2].
New solutions for dense system-level integration, such as 3D
stacking of 2.5D integration, have been proposed with the aim
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of reaching bandwidth densities in the order of tera bit per
second and high communication power efficiencies that are
not achievable with conventional electronics [1], [2].

Different promising solutions, alternative to electrical NoCs,
have been proposed in the literature, such as Optical Networks-
on-Chip (ONoCs) [3], [4] and Wireless Networks on Chip
(WiNoCs) [5], [6], [7].

Optical Networks-on-Chip are based on the integration
of an optical layer, housing signal routing and processing
components such as switches and filters [8], [9], [10], [11],
[12], into computing architectures. The interconnection in the
optical domain promises extremely low-latency and bandwidth
densities in the order of tens of Tb/s [4].

Different ONoC implementations have been recently pro-
posed for providing optical communication among multiple
cores or chiplets stacked on silicon photonic interposers. They
mainly exploit Micro Ring Resonator (MRR)-based wired
optical interconnections [13], [14], [15], [16]. For example
in [16], for modularity and ease-of-integration of different
technologies, dedicated electro-optical (E/O) chiplets are intro-
duced as network nodes, taking care of buffering, arbitration,
serialization, driving and thermal tuning of both filters and
modulators. The basic components of the optical links in these
network solutions, i.e., modulators, filters and wavelength
division multiplexing (WDM) routing elements, exploit the
resonant behavior of MRRs, which need a fine tuning of the
resonant wavelengths (e.g. by thermal tuning). Unfortunately,
ring tuning results in a significant increase of the overall power
budget and is responsible of a remarkable growth of the device
complexity, caused by the electrical connections to the ring
electrodes. It is also worth mentioning that, in MRR-based
networks, an increase in optical parallelism (i.e. number of
WDM channels, each one associated to a different wavelength)
leads to an impairment of the overall power budget due to the
high number of MRRs required.

Another state-of-the-art solution for photonic switching con-
sists of arranging 2×2 Mach-Zehnder Interferometers (MZIs)
into higher order switching topologies [17], [18], [19]. Due to
their operating principles, MZIs are able to switch multiple
wavelengths simultaneously at ns time and without being
affected by the data rate carried by individual wavelengths.
Such a bandwidth transparency of MZI-based photonic switch-
ing elements can be leveraged to adopt dense wavelength-
division multiplexed links, reducing the individual data rate per
wavelength and increasing signal quality and energy efficiency,
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while maintaining high aggregate data rates. 2 × 2 MZI
switches are typically organized into larger N × N switching
topologies through carefully optimized connectivity patterns
such as Benes or dilated-Benes networks. For example, in [18]
the switch fabric is composed of 56 2 × 2 silicon MZIs, with
average on-chip insertion loss of 6.7 dB and 14 dB for the “all-
cross” and “all-bar” states, respectively, and useful bandwidth
limited to 30 nm.

A recently proposed alternative paradigm, that can com-
pete with ONoCs, is based on Wireless Networks-on-Chip
(WiNoCs) [7], [20], [21]. Wireless communication can poten-
tially alleviate the intricacy and overhead of a wired net-
work topology. Moreover, the use of very high frequencies
(e.g. mm or THz-waves) in principle allows on-chip integra-
bility, while avoiding inter-router hops and guaranteeing low-
latency broadcasting. Miniaturized graphene antennas promise
to allow on chip communication in the THz range [22], but
the technological challenges to reach such integration are still
open.

In this paper, we focus on optical wireless interconnect
technology which can enable the implementation of Optical
Wireless Networks on-Chip (OWiNoCs), to exploit the best of
both wireless and optical communications. Despite pioneering
research efforts [23], [24], [25], optical wireless interconnec-
tion is still in the early stage of development and its potential
is not yet completely explored. However, the feasibility of the
approach is supported by the consolidated optical fabrication
process and by the demonstrated integrability with CMOS
(complementary metal oxide semiconductor) technology.

In [25], we proposed the concept and a first design of an
Optical Wireless Switch (OWS) based on transmitting and
receiving Optical Phased Arrays (OPA). In this paper, after an
initial focus on the architecture of the proposed device, we dis-
cuss in detail the characteristics of the antenna element used in
these Phased Arrays and then illustrate the radiation patterns
as a function of the applied phase shifts, highlighting the
variation of the gain in the different configurations. We then
report further results obtained by optimizing the design of a
3 × 3 switching matrix. Differently from [25], in this work
we exploit the use of five antennas in each OPAs. Moreover,
the effect of multipath propagation in the multi-layer on-chip
structure is taken into account, and the impact of the cladding
layer thickness on the final performance is evaluated. The
proposed device is intended to interconnect multiple nodes
assuring reconfigurability and high bandwidth, e.g. chiplets in
2.5D manycore systems.

II. ON-CHIP WIRELESS OPTICAL SWITCH

Fig. 1 reports the proposed implementation of a 3×3 OWS,
in which three input and three output nodes are intercon-
nected through reconfigurable OPAs. The input and output
waveguides, together with the OPAs of each communication
node, are lying on a dedicated optical layer of the interposer.
In the design, Silicon on Insulator (SOI) technology has been
considered, but implementations with different approaches are
certainly possible.

To maximize the performance of the OWS, each antenna
should radiate in parallel M different data channels, thus

Fig. 1. Scheme of the 3 × 3 on-chip optical wireless switch. OPA: Optical
Phase Array; OPS: Optical Phase-Shifter.

Fig. 2. Scheme of principle of an architecture for inter-core communica-
tion based on OWSs. E/O: Electro-optical conversion; O/E: Opto-electrical
conversion.

implementing a WDM signal with M wavelengths. Beam steer-
ing is obtained by phase-shifting the input signal at each OPA
using suitable Optical Phase Shifters (OPSs), therefore allow-
ing the communication with a specific receiver, as schematized
by the colored arrows between the transmitters TXi and
the receivers RXi. To guarantee WDM communications, the
needed bandwidth requirements of each component of the
OWS (nanoantennas, OPS, couplers and splitters, etc.) should
be carefully considered in the design phase.

This OWS is intended to be used as a building block for
multi-chiplet wireless interconnection networks, an example
of which is shown in Fig. 2. In the conceptual scheme of
this figure writing and reading chiplets, acting as network
nodes, are connected through electro-optical converters (E/O,
i.e., optical transmitters), optical and wireless paths, and opto-
electrical converters (O/E, i.e. optical receivers). Fig. 2 also
highlights the electronic control logic that is necessary to
solve OWS contention when multiple transmitters intend
to route optical packets to the same receiver(s). In fact,
photonic switching fabrics are intrinsically bufferless, and
contention should be managed. The control logic should be
designed with the goal to optimize active interposer area
and power. The network-level design space exploration is,
however, beyond the scope of this paper, which focuses on the
OWS design and optimization, and will be the object of future
work.
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Fig. 3. Maximum gain (solid curve) and Half Power Beam Width (HPBW)
(dashed curve) for the taper antenna as a function of the taper length LT.
The scheme of the taper antenna, with the significant geometrical parameters,
is shown in the inset. The wavelength is 1550 nm.

III. DESIGN AND OPTIMIZATION OF

THE ANTENNA ARRAY

A. Radiation Characteristics of the Single Antenna

The proposed 3 × 3 OWS exploits OPAs made by
N = 5 taper antennas, both at the transmitters and at the
receivers. This configuration with five elements, different with
respect to the one proposed in [25], has been chosen as
it allows addressing separately all the three nodes of the
switch, as detailed below, thus minimizing the crosstalk and
maximizing the device performance.

Each node is therefore equipped with 5 taper antennas,
schematized in the inset of Fig. 3. The geometry is similar to
the one proposed in [23] and obtained by inversely tapering
a standard SOI waveguide (cross-section height h = 220 nm
and width w = 450 nm), terminated on a small tip (length
l = 1 μm, and width wT = 130 nm). Radiation of the
optical signal is taking place along the direction of the mode
propagation (x axis of the considered reference system: see
Fig. 1). Correct tapering of the structure guarantees excellent
impedance matching (back-reflection at the input port of the
antenna is less than −35 dB) and suitable radiation properties.

The radiation pattern of this antenna, and its dependence
on the geometry of the taper, have been investigated by
three-dimensional Finite Difference Time Domain (3D-FDTD)
simulations with standard near-to-far field transformation [26].
In these simulations, as required by the near-to-far field pro-
jection approach, embedding of the antenna in a homogeneous
medium was the considered scenario.

Radiation patterns have been obtained through evaluation of
the antenna gain G(θ, ϕ) by computing the radiation intensity
I (θ, ϕ) in spherical coordinates and in the far-field region, and
then normalizing it with respect to the average radiated power
on the overall solid angle 4π , according to the definition:

G (θ, φ) = 4π
I (θ, φ)

Pin
. (1)

Being Pin the input power launched into the silicon (Si)
waveguide [27], in this evaluation we take into account also
the efficiency of the antenna.

The radiated beam can be characterized by considering the
maximum gain and the Half Power Beam Width (HPBW),
which quantify the capacity of the antenna of focusing the
radiated beam in the main radiation direction.

A design parameter, that influences the radiation perfor-
mances of the taper antenna, is the length of the taper. Figure 3
shows the maximum gain (solid curve) and the HPBW (dashed
curve) calculated, for the taper antenna, as a function of the
taper length LT. The HPBW reported in Fig. 3 is defined as
the angular separation ��, in which the gain decreases by
3 dB. As it can be seen in this figure, the gain increases
with the taper length and, accordingly, the radiated beam
becomes narrower, as shown by the corresponding decreasing
of the HPBW. Indeed, the radiation characteristics of the single
antenna influence the radiation performances of the OPA, as it
will be described in the following.

B. Radiation Characteristics of the OPA

The OPA configuration analyzed in this paper exploits
Na = 5 taper antennas, aligned along the y axis (see Fig. 1).
The optical signal in input to each antenna in the OPA can be
phase-shifted to steer the radiation beam in the xy plane. The
phase shift necessary for the OPA operation can be obtained,
in Si waveguides, by using Optical Phase Shifters (OPS) based
either on thermo-optic or plasma-optic effect [28].

The radiation diagram of an alignment of Na identical
antennas can be obtained, when they are uncoupled, through
multiplication of the electromagnetic field radiated by the
single antenna by the corresponding array factor (AF) [27].
To evaluate the array factor, Na point sources are considered
where the antennas of the array are originally positioned, and
the total far-field radiated by this array of point sources is
analytically calculated. This allows having an easy tool for
the design of the array pattern.

The overall radiation diagram of the OPA, in fact, can be
suitably designed by choosing the distance d between the
antennas in the array. In particular, given a fixed operating
wavelength, a single main radiation lobe is obtained when
d ≤ λm , being λm the signal wavelength in the surrounding
medium [27]. Conversely, by suitably choosing d > λm ,
multiple main radiation lobes (i.e. grating lobes) can be
exploited to connect the transmitting OPA with the different
receivers. This latter approach was adopted in [25] to design
1 ×5 and 3 ×3 optical wireless switches based on OPAs with
Na = 3 antennas. As anticipated, suitable phase shifts of the
input signal to each antenna allow obtaining the desired beam
steering.

Differently from [25], in this paper the OPAs exploit
Na = 5 antennas with distance d = λm. This choice allows
to increase the maximum gain of the OPA and to address
5 different receivers. The 1 × 5 interconnection is obtained by
varying the phase shift α of the excitations of the Na = 5
antennas in the OPA and, consequently, steering of the main
lobe in the xy-plane.

As an example, Figs. 4 show the three-dimensional gain
radiation diagram of an array of Na = 5 taper antennas, with
antenna distance d = λm and taper length LT = 5 μm, for
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Fig. 4. Three-dimensional gain radiation diagram of an array of N = 5 taper
antennas with antenna distance d = λm, and taper length LT = 5 μm for the
input phase shift values: (a) α = 0◦, (b) α = 72◦, and (c) α = 144◦. The
wavelength is 1550 nm.

the input phase shift values: (a) α = 0◦, (b) α = 72◦, and
(c) α = 144◦. As shown in Figs. 4 the main radiation beam,
directed along the x axis for α = 0◦, is steered in the xy plane
by varying the phase shift α. Moreover, the radiation diagram
shows secondary lobes and radiation nulls in the xy plane, i.e
the plane identified by the direction x of maximum radiation
for the single antenna and the axis y of alignment of the array.

Different receiving nodes can be addressed by steering the
main radiation beam. Moreover, to minimize the crosstalk, the
main radiation beam should be steered on the same positions
of the nulls of the broadside (α = 0◦) array. The phase
shifts necessary to satisfy this requirement can be calculated as
α = ±p360◦/Na, with p = 0, 1, 2.

To better describe the array behavior, Figs. 5 show the gain
as a function of the angle � (measured on the xy plane starting
from the x axis – see Fig. 1 as a reference) for different values
of the phase shift α calculated for an array of Na = 5 taper
antennas with antenna distance d = λm, and taper lengths:
(a) LT = 5 μm and (b) LT = 15 μm. The gain of the single
taper antenna is also reported (black curve).

As shown in Figs. 5, by changing the phase shift of
α = ±p360◦/Na, the main radiation lobe is steered in the
position of the nulls of the radiation diagram of the broadside
array (α = 0◦). Five different receivers, identified by Rxi with
i = 0, ±1, ±2 in Figs. 5, can be efficiently addressed. The
reduction of the maximum gain, that occurs when a phase shift
is applied with respect to the case of null phase shift, is due
to the radiation diagram of the single taper antenna (black
curve in Figs. 5). In fact, the magnitude of the main radiation
lobes, for the different values of the phase shift α, follows the
envelop of the single antenna radiation diagram. Coherently
with the radiation characteristics of the taper antenna shown in
Fig. 3, exploiting a longer taper gives higher gain for the OPA
(Fig. 5 (b)). At same time, the maximum gain of the steered

Fig. 5. Gain as a function of the angle � for different values of the phase
shift α calculated for an array of Na = 5 taper antennas with antenna distance
d = λm, and taper length is (a) LT = 5 μm and (b) LT = 15 μm. The gain of
the taper antenna is also reported (black curve). The wavelength is 1550 nm.

beam varies more significantly with respect to the case of a
less directive single antenna (Fig. 5 (a)).

To better quantify this behavior, Fig. 6 shows maximum
gain as a function of the taper length LTof an array of Na =
5 taper antennas with antenna distance d= λm, for the input
phase shift values: α = 0◦, α = 72◦, and α =144◦.

By increasing the taper length LT, the difference between
the maximum gain at α = 0◦ and that of the steered beams
becomes more pronounced, especially in the case of α = 144◦
corresponding to the most lateral receiver. Given the proposed
application of the OPA for optical wireless switching, it could
be advisable to equalize the power received by the different
nodes while maximizing the gain of the steered beams. The
value of the taper length that compromises well between the
aforesaid conditions is LT = 5 μm, and it will be used in
the following to simulate the full device.
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Fig. 6. Maximum gain as a function of the taper length LT of an array of
Na = 5 taper antennas with antenna distance d = λm, for the input phase
shift values: α = 0◦, α = 72◦ , and α = 144◦. The wavelength is 1550 nm.

The design approach proposed, exploits uncoupled antennas
to assess simple design criteria while assuring reconfigura-
bility. In fact, when the antennas are uncoupled, a desired
radiation pattern can be synthesized by separately feeding the
array elements. The reconfigurability of the OWS is simply
achieved by tilting the radiated beam in the propagation plane,
through the phase shift of the signal in input to the antennas.
The three-dimensional FDTD simulations of the next sections
confirm the validity of this simple design approach.

IV. OPTIMIZATION OF THE 3 × 3 OPTICAL

WIRELESS SWITCH

The proposed OPA configuration can address up to five
different receivers. These receivers should be placed along the
y axis at y = 0 and at the best suited positions given by:

y = dlink tan(�i), (2)

where dlink is the distance between the transmitter TX0, and
the receiver RX0, and �i with i = ±1, ±2 is the angular
position of the nulls of the radiation diagram obtained with
the array in the broadside configuration, i.e. for α = 0◦.

Actually, the on-chip wireless communication occurs in
a multilayered structure, typical of photonic integrated cir-
cuits. The medium discontinuities in on-chip optical wireless
scenarios, can lead to multi-path propagation phenomena,
as shown by the authors in [29]. Multiple reflections cause
fluctuations on the received power (increasing where interfer-
ence is constructive, fading where destructive interference is
taking place), requiring simulations of the complete device to
optimize the configuration of the OWS.

In particular, here we consider the multilayer structure
shown in Fig. 7(a), which corresponds to the sample fabricated
and characterized by the authors in [29] for the evaluation
of point-to-point wireless links. It consists of a standard
SOI sample, where the antennas and the waveguides are
patterned, covered by cladding layers that maintain the index

Fig. 7. (a) Scheme of the yz-cross section on-chip multilayered structure.
(b-d) 3D-FDTD-simulated electric field pattern (logarithmic scale) in the
horizontal plane located in the middle of the waveguide cross-section, for
(b) α = 0◦, (c) α = 72◦ , and (d) α = 144◦. The solid lines highlight
the geometry of the antennas, and the color bar represents the normalized
amplitude of the electric field. The wavelength is 1550 nm.

contrast with the silica layer limited. In this way, the radiation
diagrams of the antennas are not influenced by close index
discontinuities. Both the bottom bulk Si layer and top air layer
are considered as semi-infinite, by using Perfectly Matched
Layer (PML) boundary conditions.

As shown in Figures 7 (b), (c), and (d), by changing the
phase shifts of the input signals applied to the antennas of
an OPS, it is possible to address different receivers. When
no phase shift is applied (Fig. 7 (b), α = 0◦) the central
transmitter Tx0 can efficiently address Rx0. On the contrary,
when α = 72◦ Tx0 addresses Rx−1 (Fig. 7 (c)) whereas the
configuration with α = 144◦ (Fig. 7 (d)) is best suited to
address Rx−2.

These figures represent the 3D-FDTD-calculated electric
field patterns in the horizontal (xy) plane located in the middle
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Fig. 8. Transmittance in dB, calculated as a function of the wavelength,
at the receiving OPAs, i.e. RX+1, RX0 and RX−1, when the transmitting
OPA TX−1 is excited with phase shifts: (a) α = 0◦, (b) α = 72◦, and
(c) α = 144◦. The scheme of the 3 × 3 OWS is also reported in (d). The
simulated device exploits reconfigurable OPAs made of 5 taper antennas with
taper length LT = 5 μm. The link distance is dlink = 70 μm. The distance
between adjiacent receivers is � y = 15.5 μm.

of the antenna layer previously described (plane located in the
middle of the waveguide cross-section).

The simulated device exploits reconfigurable OPAs made
of 5 taper antennas with taper length LT = 5 μm. The link
distance was arbitrarily chosen equal to dlink = 70 μm.

The field patterns shown in Figs. 7 follow the behavior of
the gain radiation diagram in Fig. 5 (a) for the three different
phase shift values, but the effect of the propagation in the
multilayer is visible since it induces oscillations in the field
pattern. However, also in this condition, the direction of the
main beam is always maintained.

The same OPA configuration can be exploited to build
a 3 × 3 OWS. In fact, considering the scheme in Fig. 1,
a central transmitter node addresses the receiving node RX0
when the phase shift between the adjacent antennas in the
OPA is α = 0◦. It addresses the receiver RX+1 when α = 72◦,
and RX−1 when α = −72◦. A lateral transmitting node, such
as TX1 (or TX−1), illuminates the node RX1 (or RX−1),
positioned in front of it, when α = 0◦. To address the receiver
RX0 a phase shift of α = 72◦ (α = −72◦) is required, whereas
a phase shift α = 144◦ (α = −144◦) allows to illuminate the
receiver RX−1 (RX1).

To guarantee the interconnection between the transmitters
and the receivers, it is also necessary to virtually steer the
beam of the receiving OPAs in the direction of the maximum
incoming radiation, by applying suitable phase shift α at the
receiving OPAs.

Given the operation principle of the 3 × 3 OWS and the
symmetry of the device, its behavior can be fully described by
considering the link between a lateral transmitter, e. g. TX−1,
and the three receivers RX−1, RX0, and RX1, schematized in
Fig. 1.

As an example, Figs. 8 report the transmittance in dB,
calculated as a function of the wavelength, at the receiving

OPAs, i.e., RX+1, RX0 and RX−1, when the transmitting OPA
TX−1 is excited with phase shifts: (a) α =0◦, (b) α =72◦, and
(c) α =144◦.

The scheme of the 3 × 3 OWS is also recalled in Fig. 8 (d)
to ease the reading of the transmittance graphs. As shown in
Fig. 8 (a), when the phase shift is α = 0◦ at the TX−1 OPA,
the receiver RX−1 is connected with an insertion loss about
equal to IL−1 ≈ −1.3 dB. The power captured by RX0 and
RX+1 is a spurious signal, representing a possible source of
crosstalk for the system. The crosstalk can be quantified as:

XT i, j = 10Log10

(
TR Xi

TR X j

)
(3)

where TRXj is the transmittance of the addressed port and TRXi
is the transmittance of a non-addressed one. The arrows in
Figs. 8 (a)-(c) highlight, for each phase-shift, the curves from
which the maximum XT is calculated as the difference in dB
between the transmittances. The worst-case insertion loss
(i.e., ILi = −TRXi) and crosstalk correspond to the connection
between the further nodes TX−1 and RX+1 (Fig. 8 (c)),
as expected from the lower gain of the main lobe in the
radiation diagram of Fig. 5 for α = 144◦ (green curve). In this
case, the insertion loss and the crosstalk are, respectively, equal
to IL1 = 6 dB and XT0,1 = −21 dB at the wavelength
λ = 1.55 μm. Coherently with the broadband behavior of
the taper antenna [25], the transmittance spectra in Figs 8 do
not change significantly with the wavelength. Therefore, the
large bandwidth of the device fully covers the C-band.

As mentioned before, in order to guarantee the connection
between the transmitter and each of the addressed nodes,
a suitable phase shift must be applied also at the receivers
(i.e. α = 0◦, α = −72◦, and α = −144◦ for the connections
TX−1 → RX−1, TX−1 → RX0, and TX−1 →RX1, respec-
tively) to virtually steer the beam of the receiving OPAs in
the direction of the maximum radiation. This is feasible by
properly phase-shifting the fundamental TE modes in each
waveguide at the receiving OPAs.

For a fixed link distance, a parameter that can influence the
performance of the OWS is the distance �y along the y axis
between adjacent receivers.

Figures 9 show the transmittance in dB, calculated at the
receiving OPAs, i.e. RX+1, RX0 and RX−1, as a function of
the distance �y between adjacent receivers. The transmitting
OPA TX−1 is excited with phase shifts: α = 0◦ (Fig. 9(a)),
α = 72◦ (Fig. 9 (b)), and α = 144◦ (Fig. 9(c)). Considering
Figs. 9 (a) and (b), which correspond to the connections
TX−1 → RX−1, TX−1 → RX0, respectively, the perfor-
mances of the OWS in terms of insertion loss do not change
significantly with �y. Moreover, in both cases, the crosstalk
remains below −20 dB.

Considering the link between the transmitter and the fur-
thermost receiver TX−1 →RX1(Fig. 9 (c)), the transmittance
(green curve) is maximized, i.e., the insertion loss is mini-
mized, when �y = 15.5 μm. The �y value, obtained by the
3D-FDTD parametric analysis of the full device, is very near
to the one �y≈15 μm evaluated through Eq. 2. Therefore,
Eq. 2 gives a good estimation of the receiver positions.
Also from the point of view of the crosstalk, the distance
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Fig. 9. Transmittance in dB, calculated at the receiving OPAs, i.e. RX+1,
RX0 and RX−1, as a function of the distance �y between adjacent receivers.
The transmitting OPA TX−1 is excited with phase shifts: (a) α = 0◦,
(b) α = 72◦ , and (c) α = 144◦ . The simulated device exploits reconfigurable
OPAs made of 5 taper antennas with taper length LT = 5 μm. The link
distance is dlink = 70 μm and the wavelength is λ = 1.55 μm.

�y = 15.5 μm optimizes the performances when the further
receiver RX1 is addressed.

As analyzed in [29] for point-to-point links between single
antennas, the behavior of the electromagnetic propagation in
a multilayered medium depends on the layer characteristics.
Here, we investigate the effect of the variation of the cladding
layer thickness (UV26 layer), which is a deposited polymer
used to increase the distance between the radiator and the
interface with the air. The constructive or destructive inter-
ference, caused by the phenomenon of multiple reflections
and transmissions at the interfaces, is sensitive to the layer
thickness variation. The layer thickness can be, therefore,
considered as a degree of freedom available for engineering the
propagation channel and for improving the link performances.

Figures 10 show the transmittance in dB, calculated at the
receiving OPAs, i.e. RX+1, RX0 and RX−1, as a function
of the cladding thickness hT. Also in this case, the trans-
mitting OPA TX−1 is excited with phase shifts: (a) α = 0◦,
(b) α = 72◦, and (c) α = 144◦. The variation of the cladding
layer thickness hT, for a fixed link distance dlink = 70 μm,

Fig. 10. Transmittance in dB, calculated at the receiving OPAs, i.e. RX+1,
RX0 and RX−1, as a function of the cladding thickness hT. The transmitting
OPA TX−1 is excited with phase shifts: (a) α = 0◦, (b) α = 72◦, and
(c) α = 144◦. The simulated device exploits reconfigurable OPAs made of
5 taper antennas with taper length LT = 5 μm. The link distance is dlink =
70 μm, the distance between adjacent receivers is � y = 15.5 μm, and the
wavelength is λ = 1.55 μm.

induces oscillations of the transmittance curves at the three
analyzed receivers.

In order to verify the performances of the OWS in the whole
considered wavelength range, Figs. 11 (a), (b), and (c) report
the insertion loss as a function of the wavelength and of the
cladding thickness hT calculated at the addressed receivers:
(a) Rx−1 for the connection TX−1 → RX−1, (b) Rx0 for the
connection TX−1 → RX0, and (c) Rx+1 for the connection
TX−1 →RX1.

As it can be seen from Figs. 11, for a fixed value of the
layer thickness hT, the insertion loss is almost constant, with
a maximum variation of less than 3 dB.

Similarly, Figs. 11 (d), (e), and (f) show the worst-case
crosstalk (calculated according to eq. 3) as a function of the
cladding thickness hT and of the wavelength: (d) XT0,−1 for
the connection TX−1 → RX−1, (e) XT−1,0 for the connection
TX−1 → RX0, and (f) XT0,1 for the connection TX−1 →RX1.
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Fig. 11. (a-c) Insertion loss as a function of the wavelength and of
the cladding thickness hT: (a) IL−1 for the connection TX−1 → RX−1,
(b) IL0 for the connection TX−1 → RX0, and (c) IL+1 for the connection
TX−1 → RX1. (d-f) Worst case crosstalk as a function of the cladding
thickness hT and of the wavelength: (d) XT0,−1 for the connection TX−1 →
RX−1, (e) XT−1,0 for the connection TX−1 → RX0, and (f) XT0,1 for the
connection TX−1 → RX1.

For a fixed value of the cladding thickness, the variation of
the crosstalk with the wavelength is more pronounced than that
of the insertion loss, but the crosstalk remains in general well
below −14 dB, with a maximum variation with the wavelength
of 7 dB.

Considering Figs. 10 and 11, the cladding layer thickness
that maximizes the transmittance at the further receiver, which
is the most critical one, is hT = 1 μm. In this case the worst-
case insertion loss is equal to IL1 = 3 dB, and the crosstalk
is −21 dB.

The fabrication of the proposed OWS requires the design
of the network feeding the antennas in the OPA and of
the phase shifters. A possible implementation of the feeding
network that brings the signal to the OPA antennas can be
made by cascading multiple beam splitters. For example,
1 × 2 Y junctions can be cascaded to increase the number
of outputs, starting from a single input waveguide. A 1 × 2 Y
junction keeps the two outputs in phase, while equally dividing
the input power into the two waveguides. Another possible
implementation of a 1×2 beam splitter can be made by using
multi-mode interference (MMI) devices. Both 1 × 2 Y beam
splitter and 1 × 2 MMI exhibit a broadband behavior and are
not expected to significantly alter the OWS bandwidth.

More elaborated solutions can also be implemented such as
1×N MMIs, following the design criteria reported in reference

[30]. In this case, the beam can be split into multiple outputs
in a single stage. The phase shift between the outputs of the
1×N MMI, and eventual additional phase shifts coming from
different lengths of the optical paths, can be compensated by
a calibration of the phase tuning.

Phase shifters can be implemented exploiting either plasma-
optic or thermo-optic effect. Thermally controlled waveguide
phase shifters could be preferred because they are based on
relatively simple and robust structures and their fabrication
is less prone to errors. These phase actuators need to be
calibrated and thermal crosstalk must be taken into account in
the design of the circuit. To overcome this issue, an approach
to cancel out the effects of the phase coupling induced by
thermal crosstalk in photonic integrated circuits, with thermal
phase actuators, can be applied [31].

A further issue related to fabrication is the tolerance to
fabrication errors. The most significant error that can affect
the behavior of the OWS is a variation �d of the antenna
distance in the OPAs. A change in the distance between the
antennas due to fabrication errors can cause a change of
the beam shape of the OPA radiation diagram. In particular,
we verified that the zeros of the radiation diagram shift of
less than 2◦ when 0 < �d < 100 nm. In order to verify
if the change of the shape of the radiated beam can cause an
effect on the insertion loss and on the crosstalk, it is necessary
to simulate the overall device, considering the propagation in
the multilayer structure and the physical size of the OPAs.
For this purpose, we simulated the overall OWS for different
values of the distance between the antennas in the OPAs.
In all the simulations, the receivers were placed along the
y axis in the optimal design positions, i.e. with distance
�y = 15.5 μm between adjacent receivers. By this parametric
analysis, we verified that a change of �d = 100 nm of the
antenna distance causes a maximum variation of the insertion
loss lower than 2 dB. This is due to the variation of the
beam shape and of the multipath contribution and it occurs,
in particular, when the further receiver Rx−1 is addressed.
In all the considered cases, the worst-case crosstalk remained
below −18 dB.

V. CONCLUSION

The design of a 3 × 3 optical wireless router allowing
on-chip optical wireless interconnections has been proposed
and discussed. The OWS exploits reconfigurable OPAs made
of five taper antennas with taper length LT = 5 μm, either at
the transmitting and at the receiving nodes. The antennas in
the arrays are aligned along the y axis with distance equal
to the wavelength in the propagation medium (d = λm).
The interconnection among the different nodes is obtained by
steering the beam of the transmitting and receiving antennas,
through the variation of the phase difference between the
elements of the arrays. The proposed configuration improves
the connection performances with respect to the one reported
in [25] in terms of crosstalk and insertion loss of about 4 dB
and 10 dB, respectively, to parity of multilayer structure. This
improvement is mainly due to the design choice of using
Na = 5 antennas with distance d = λm in the OPAs, which
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increase the maximum gain of the antennas and avoid the use
of grating lobes for communication.

A further degree of freedom, investigated to optimize the
device, is the thickness of the cladding layer which influ-
ences the multi-path propagation. A minimum value of the
worst-case insertion loss IL1 = 3 dB is achieved, thus
improving the device performances of further 3 dB.

An interesting feature of the proposed OWS is the large
bandwidth, with respect to MRR resonators or MZIs switches.
For example, if a WDM signal is used for communication,
with channel spacing �λ = 0.8 nm virtually about 120 chan-
nels can be allocated in the simulated 100-nm bandwidth of the
OWS. Given the broadband behavior, all the allocated WDM
channels can be switched at the same time, thus making the
power requirement for signal routing independent from the
number of WDM channels. Consequently, the required energy-
per-bit, given by the power over the aggregated bit rate (i.e. bit
rate per channel multiplied by the number of WDM channels),
decreases with the number of WDM channels. Even though a
direct comparison of performances is not straightforward, the
proposed OWS can be a promising alternative to MRR- and to
MZI-based networks. Thanks to its broadband operation, it can
allow WDM schemes, as in MZI networks. Moreover, thanks
to its non-resonant behavior, it does not require an extremely
fine tuning as in MRR networks.
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