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Abstract— On-chip optical wireless links are attracting a great
deal of interest as they can provide a possible solution to overcome
the drawbacks associated with wired connections. In this paper,
we propose a new approach for on-chip communication using
optical wireless switches based on thin-film lithium niobate
on insulator (LNOI) technology. The optical wireless switches
exploit reconfigurable optical phased arrays (OPAs) both at the
transmitter and at the receivers. We investigate the radiation
characteristics and design criteria of the LN antenna element
serving as a unit radiator in the OPAs. We then demonstrate the
implementation of an on-chip optical wireless switch in a simple
infinite homogeneous host medium and assuming a realistic
multilayer structure configuration. Moreover, we examine the
impact of various geometrical parameters and the fabrication
imperfections on the device performance and provide a discussion
on the design optimization. Our findings assess the feasibility of
optical wireless switches based on LNOI technology for on-chip
wireless communication.

Index Terms— Optical wireless switches, on-chip communica-
tion, optical phased arrays, LNOI technology.

I. INTRODUCTION

IN THE last few years there has been a surge of interest
in integrated Optical Phased Arrays (OPAs) due to their

outstanding capabilities of dynamically controlling light for
classical and quantum communication [1], [2], [3], [4]. OPAs
are actively being explored as they gain momentum in a wide
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range of application domains ranging from low-cost LiDAR
(Light Detection and Ranging) on autonomous vehicles [5],
[6] to lens-less imaging [7], augmented reality and biophoton-
ics [8], [9].

Commercially available OPAs are bulky, power-hungry and
require mechanical means (such as motor-driven rotating mir-
rors) for beam steering which limit the switching speed and
degrade the device efficiency [10]. Integrated OPAs have been
developed as a low-power, robust, reconfigurable and scalable
beam steering platform [11], [12], [13]. Beam steering in OPAs
is achieved by changing the phase profile of the beam via
optical phase shifters, mostly based on the thermo-optic (TO)
or electro-optic (EO) effects. TO effect is obtained by heating
electrodes to phase shift the propagating signal by changing
the material refractive index [14], [15], [16]. EO effect is
achieved by applying an external bias voltage to change the
refractive index of the material [17], [18]. Integrated OPAs,
owing to their non-mechanical beam steering capability, have
been proposed as basic building blocks for on-chip optical
wireless networks [19]. Their potential for innovation and
optimization in this domain is significant due to the severe
limitations of wired optical links and crossbars in terms of
layout complexity, power losses, latency and scalability [20],
[21], [22]. In contrast, on-chip wireless communications hold
promise of more performance- and energy-efficient data trans-
fers through more compact devices. A significant research in
this domain has been witnessed recently, using various fabri-
cation platforms based on different materials and technologies,
and on different frequency ranges extending from THz to
optical frequencies [23], [24], [25].

The optical domain offers the advantage of mature fabrica-
tion technologies which are integrable with electronic layers.
Among various optical platforms, Silicon on Insulator (SOI)
technology is one of the most commonly used for integrated
photonic components. It has also facilitated the integration
of SOI waveguides with dielectric or plasmonic nanoantennas
that opened up a broad spectrum of applications ranging from
OPA LiDARs to selective nanotweezers [26], [27], [28], [29].
Nonetheless, the non-negligible propagation losses and power
consumption of SOI components often limit the scalability
of integrated photonic circuits [30], [31]. In order to address
the shortcomings of the Si platform, silicon nitride (SiN) and
SiN-Si hybrid integration emerged as alternatives, resulting in
remarkable progress in improving the performance of photonic
devices [32]. However, these platforms have their own limita-
tions, for example, low thermo-optic coefficient and fabrication
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complexity, which hinder their applications in many fields,
especially when reconfigurability is required.

Recently, the introduction of thin-film Lithium Niobate
(LN) has sparked extensive research in the field of integrated
photonics. LN is considered as one of the most suitable
materials for photonic integrated circuits by virtue of its high
intrinsic EO and TO effects [18], [33], strong second-order
nonlinearities for on-chip frequency conversion [34], large
optical transparency window, low material losses [35] and
piezo-electric properties [36]. Lithium Niobate on Insula-
tor (LNOI) technology involves the fabrication of thin-film
LN on an insulator, and being compatible with the CMOS
technology [37], integration process of LNOI-based devices
can follow the same procedure as that adopted in the case
of SOI technology. For example, one promising possibility
could be the monolithic integration, as has been successfully
demonstrated for integrated OPAs using standard SOI CMOS
process [38], [39]. Another possibility could be employing
potentially simpler approach, similar to one reported in [40],
using a chiplet assembly with 3D-staking on a photonics
interposer.

LNOI technology has a potential to revolutionize the LN
industry as it enables exploiting interesting characteristics
of LN to design and fabricate innovative photonic devices,
while concurrently achieving fast modulation, low-power con-
sumption, low optical loss and high integration density [16],
[41], [42]. LNOI technology has remarkable advantages over
the other existing fabrication techniques in terms of device
scalability, performance and power saving. Performance and
scalability are intrinsically limited by insertion loss and
crosstalk. The LNOI technology offers the possibility of
realizing integrated devices with much-reduced footprints.
Smaller footprint means a significant increase in the scala-
bility, for example, a commercially available 6-in LNOI wafer
can accommodate as many as 3000 EO modulators [33].
Scaling up an optical switching device comes at the cost of
higher losses (as each switch introduces an insertion loss)
and increased footprint. Since the proposed optical switches
are based on OPAs, they offer a possibility of addressing
more receivers by increasing the number of radiating antennas.
A different choice, without increasing the number of antennas,
could be widening the interspacing between the radiating units
of the OPAs. Increasing the distance between the radiators
results in grating lobes, which can be exploited to address
more receivers.

Thin-film lithium niobate (TFLN) is an emerging platform
with a relatively brief history. Despite being in its infant stage,
the overall performance of these devices is already on par with,
if not exceeding, the performance of other well-established
material platforms which have benefitted from decades of
research and development. While Si lacks the intrinsic EO
effect, LN has a very large EO coefficient, allowing realization
of high-speed photonic devices. For instance, integrated LN
modulators with a 3 dB bandwidth beyond 100 GHz and
with data rates up to 240 Gbit/s have been demonstrated [43],
paving the way for realization of high-speed OPAs. Further-
more, propagation losses in LN waveguides can be minimized
close to 0.0034 dB/cm [44], providing a substantial advantage
as compared to Si and InP. Microresonators utilizing the

LNOI platform with record high quality factor of the order
of 108 have been successfully demonstrated [45]. A compar-
ison between the Mach-Zehnder interferometer (MZI)- and
microring resonator (MRR)-based optical switches in LNOI
technology shows a similar switching speed as compared
to SOI and Si3N4 platforms but with considerable smaller
footprint and insertion loss [46]. In a recent study [47],
a performance comparison of LN OPAs with other platforms
including Si and InP has been reported. It has been demon-
strated that performance of LN OPAs is much higher than
those based on other material platforms. In [47] a bandwidth
up to 2.5 GHz was achieved in the LN OPAs, resulting at the
level of MHz in other platforms. LN OPAs have lower power
consumption (0.33 nJ/π) and higher field of view (50◦×8.6◦)
as compared to other technologies. Similarly, another recent
study reports a performance comparison of LN OPAs with
other technologies, reporting a low power consumption (1.11
nJ/π), a fast operation speed (14.4 ns) and a large field of view
(62.2◦ × 8.8◦) in LNOI technology [48]. The reader seeking
additional information may refer to this literatures [43], [44],
[45], [46], [47], [48], and [49].

In this paper, we propose a new approach to on-chip com-
munication which aims at combining the advantages of lithium
niobate, such as low power consumption, fast response time,
etc., with the reconfigurability and wide-band operation of the
on-chip wireless networks. The demonstration of the feasibility
of LNOI technology for on-chip wireless communication can
pave the way for new avenues in network design exploration.
In particular, here we propose an on-chip optical wireless
switch based on reconfigurable OPAs realized in LNOI tech-
nology. In order to demonstrate the feasibility of on-chip
wireless communication, we study the design and radiation
characteristic of LN taper antennas, used as basic radiators in
the OPAs. We then propose the design of an optical wireless
switch for on-chip communication. We consider that the
optical switch, composed of transmitting and receiving OPAs,
is based on LNOI technology. Numerical implementation of
the on-chip wireless switch has been carried out by assuming
at first a simple case of an infinite homogeneous host medium,
and then by considering an on-chip multilayer structure, which
is representative of a realistic scenario in the LNOI fabrication.
We also discuss the effect of multipath propagation originating
from the multiple reflections at the interfaces of the layered
media. The performance of the device in terms of insertion loss
and crosstalk has been evaluated employing three-dimensional
finite-difference-time-domain (FDTD) method. Additionally,
we present a statistical analysis of the impact of fabrication
imperfections on the performance of OPAs.

II. WIRELESS SWITCH: OPERATION PRINCIPLE

On-chip optical switches are crucial components of inte-
grated photonic devices for enabling reconfigurable signal
routing and processing. These switches have a wide range of
potential applications in optical communications and networks,
biosensing, photonic computing and data centers [17], [50],
[51]. In optical networks, these wireless switches can be used
for broadband reconfigurable on-chip communication. They
can be employed to transmit optical signals using wavelength
division multiplexing, enabling parallel transmission of various
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Fig. 1. Schematic representation of the 1 × 3 optical wireless switch
based on reconfigurable optical phased arrays (OPAs). Each OPA consists
of Na = 3 antennas and the phase shift in each antenna is governed by
optical phase shifters (OPS). By properly choosing the phase shift the
transmitter can address one of the receivers at the output. M different
wavelengths λi (i = 1, 2, 3, . . . , M) can be transmitted contemporarily using
the wavelength division multiplexing scheme.

data channels, and to improve the interconnection between
different processing units in densely integrated computing
architectures [12], [19].

Majority of the conventional structure-designs of on-chip
optical switches are based on the MRR or MZI [17], [46].
MRR switches have the advantage of smaller size and low
power consumption, but they have limited bandwidth due
to their resonant behavior and are sensitive to fabrication
errors and temperature changes. MZI-based switches, on the
other hand, have large working bandwidth and fast switch-
ing speed, however, they have high insertion losses and
crosstalk [52]. Optical wireless switches have several advan-
tages over wire-based optical switches. For example, they are
more energy efficient, reliable and enable improved scalability.
On-chip wireless switches are in their early stage of research
and their potential has not been fully explored yet. Nonethe-
less, they hold a great promise for providing high speed, low
insertion loss and low power consumption. These wireless
switches present a favorable alternative to MZI- and MRR-
based switches, particularly when reconfigurability is crucial.
Furthermore, owing to their non-resonant behavior, optical
wireless switches do not need extreme fine tuning, unlike in
the MRR-networks.

In this section, we discuss the design and radiation char-
acteristics of the LN taper antenna and the OPA, used as
basic building blocks in the implementation of the optical
wireless switch. A schematic representation of the 1×3 optical
wireless switch based on reconfigurable OPAs is shown in
Fig. 1. Each OPA consists of Na = 3 antennas and the phase
shift in each antenna is governed by optical phase shifters
(OPS). By properly choosing the phase shift the transmitter
can address one of the receivers at the output.

As shown in Fig. 1, the transmitting node consists of
power splitters, OPS and OPAs made by taper antennas for
the radiation. Similarly, the receiving nodes are made up
of receiving OPAs, OPS and power combiners. It is worth
underlining that the proposed analysis focuses on the design of
the switch and of the OPAs, whereas the other components are
out of the scope of the paper. Nonetheless, power splitting and
combining can be achieved cascading multiple Y-branches or
Multimode Interference (MMI) beam splitters/combiners. The

Fig. 2. Schematic view of LN antenna element used as a radiator in the
design of optical phased arrays. The antenna consists of an input straight
waveguide of length L, an inversely tapered waveguide of length TL, and
a taper tip constructed by a narrow straight waveguide of length Lt. The
input waveguide has a top width Wt, thickness t, sidewall angle γ and base
width WB . The tip of the antenna has a top width Wtt and base width WBt.
It is considered that the antenna is immersed in silica with refractive index
nSiO2 = 1.445.

proposed 1× 3 optical wireless switch can be used to address
each of the three receivers by applying a suitable phase shift
between the antenna elements. In order to establish a com-
munication with a particular receiver, the beam steering can
be achieved by changing the phase shift of the OPAs through
optical phase shifters. Given the broadband behavior of the
designed OPAs, the proposed device can be used to transmit
M different wavelength channels λi (i = 1, 2, 3, . . . ,M)
according to wavelength division multiplexing schemes.

A. Design and Characteristics of LN Taper Antenna

We report the design of a LN taper antenna with trapezoidal
cross-section, used as a fundamental radiating element in the
design of the on-chip wireless switch. The trapezoidal cross
section (slanted sidewalls) of the LN antenna is a common
feature observed in fabricated LN waveguides. This is due to
fabrication imperfections originating from the complex nature
of the etching processes involved [35], [53]. The geometry of
the antenna element, as shown in Fig. 2, consists of an input
straight waveguide of length L, an inversely tapered waveguide
of length TL, and a taper tip constructed by a narrow straight
waveguide of length Lt. The antenna element has a thickness
t and a sidewall angle γ, which are considered constant along
the structure. The input waveguide has a top width Wt and a
base width WB , whereas, the tip of the antenna has a top width
Wtt and a base width WBt. The front view of the taper tip
is depicted in the inset of Fig. 2. In our analysis, we consider
an X-cut LN crystal with the optical axis aligned with the
Y-axis of the Cartesian coordinate system (see Fig. 2). We also
include wavelength dispersion and material anisotropy of LN
in our numerical model, and represent the refractive index nLN

in the matrix form, as:

nLN =

no 0 0
0 ne 0
0 0 no

 (1)

where no and ne indicate the ordinary and extra-ordinary
refractive indices, respectively. Furthermore, we consider that
the designed antenna operates in the C-band of the telecom-
munication frequencies.
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Fig. 3. Effective refractive index neff as a function of waveguide top width
Wt for different values of the sidewall angle γ, considering the waveguide
thickness (a) t = 300 nm, (b) t = 400 nm and (c) t = 500 nm. The LN
waveguide is immersed in silica (SiO2) with nSiO2 = 1.445 at the free-space
wavelength λ = 1.55 µm. The red circles A and B in (b) correspond to the
top width of the input waveguide and of the taper tip, respectively, considered
in the present analysis.

In order to design the antenna, we first analyze the
fundamental transverse-electric mode of the LN trapezoidal
waveguide immersed in silica (SiO2) with refractive index
nSiO2 = 1.445 at the free-space wavelength λ = 1.55 µm.
In Fig. 3, the effective refractive index neff is computed as a
function of the waveguide top width Wt for different values of
the sidewall angle γ and the waveguide thickness t. It can be
observed that neff shows a strong dependence on the geomet-
rical parameters of the waveguide. In particular, for smaller
sidewall angles γ, the effective mode index tends to increase.
This is because a smaller value of γ corresponds to a larger
base width WB (for a given Wt, WB = Wt + 2t/ tan γ), and
thus providing a better mode confinement in the waveguide.
Similarly, as can be seen from Figs. 3 (a)-(c), an increment
in the waveguide thickness t and top width Wt, increases
the effective mode index neff , resulting in an enhanced mode
confinement.

For an efficient radiation, the taper should transform a
propagating mode at the input waveguide into an evanescent
mode at the taper tip. This can be achieved by choosing the
tip width Wtt close to the cut-off condition. Looking at the
results of Fig. 3, different geometrical configurations can be
chosen to achieve the required condition. As an example,
we have selected a waveguide with thickness t = 400 nm
and sidewall angle γ = 70◦. The input waveguide width is
chosen equal to Wt = 600 nm, as denoted by the red circle A
in Fig. 3 (b), to have a well-confined mode. The taper tip width
is set to Wtt = 150 nm, as represented by the red circle B
in Fig. 3 (b), corresponding to an evanescent mode (near the
cut-off condition).

With the design parameters at hand, we study the radiation
characteristics of the LN taper antenna. We simulate the
antenna by the three-dimensional FDTD method [54]. The gain
of the antenna, as a function of the azimuthal angle ϕ and the
inclination angle θ at λ = 1.55 µm, is plotted in Fig. 4 (a) with
γ = 70◦, TL = 2 µm and L = Lt = 1 µm. The angle ϕ and θ
are defined according to the spherical coordinate system (see
inset of the Fig. 2). The gain in the azimuthal plane is plotted
at θ = 90◦ and the gain in the inclination plane is plotted at
ϕ = 0◦. It can be noticed that the maximum radiation gain

Fig. 4. (a) Radiation diagram of LN antenna at λ = 1.55 µm, in both the
azimuthal plane (ϕ) and the inclination plane (θ), considering TL = 2 µm,
L = Lt = 1 µm and γ = 70◦. (b) Maximum Gain of the antenna as a
function of TL plotted for different values of sidewall angle γ.

occurs at ϕ = 0◦ and θ = 90◦, which is the direction of
the mode propagation, i.e., along the X-direction (see Fig. 2).
The maximum gain of the antenna as a function of taper length
TL is plotted in Fig. 4 (b) for different values of the sidewall
angle γ. We observe that the gain of the antenna increases for
longer taper lengths, and it is also strongly influenced by the
sidewall angle γ. For smaller γ, the gain quickly converges to
an asymptotic value as the taper length increases. For larger γ,
the gain is higher and increases for the longer TL. Moreover,
we have verified that the maximum gain of the antenna remains
almost constant in the entire C-band frequencies (not shown).

B. LNOI Optical Phased Arrays
The LN antenna discussed in the previous section can

serve as a radiator in the reconfigurable optical phased arrays.
We consider here an OPA constructed from Na identical
LN taper antennas. Such OPA can be used as a building
block in the design of optical wireless switches for on-chip
interconnections. Therefore, we first examine the radiation
properties of an OPA composed of an array of Na identical
antennas aligned along the Y-axis and separated by a distance
da (defined as center-to-center distance between two adjacent
waveguides). According to the antenna theory, the radiation
pattern of an OPA can be obtained by multiplying the radiation
diagram of a single antenna with an array factor (AF), defined
as [55]:

AF =
Na∑
q=1

bqe
−j(q−1)[kda cos(ϕ)+α] (2)
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Fig. 5. Gain of an LN OPA made of (a) Na = 3 and (b) Na = 5 identical
LN taper antennas as a function of the azimuthal angle ϕ at λ = 1.55 µm.
The phase shift α = ±360◦/Na is applied between the antenna elements for
beam steering to illuminate different receivers.

where bq is the excitation amplitude of each antenna element,
k = 2π/λm is the propagation constant with the wavelength
in the embedding medium λm = λ/nSiO2 , and α is the
phase difference of input signals applied between two adjacent
antennas. For the sake of convenience, we assume bq = 1
(uniform OPAs) throughout the paper, unless otherwise spec-
ified. Figure 5 shows the radiation diagram of an OPA with
Na = 3 and Na = 5 as a function of azimuthal angle ϕ
at λ = 1.55 µm. The number of main lobes in the radiation
diagram depends on da, i.e., the distance between the two
adjacent antenna elements. It is important to remark that the
trapezoidal cross-section of the waveguide imposes a lower
limit on da which must be greater than WB (i.e., da > WB).
In the present analysis, as an example, we arbitrarily choose
da = WB + λm/4 = 1.08λm ≈ λm, where λm = λ/nSiO2

is the wavelength in the cladding medium with free-space
wavelength λ. For the chosen distance da ≈ λm, only one
main lobe exists in the radiation diagram [56]. The main
radiation lobe can be steered in the XY−plane by applying
a suitable phase difference α between the antenna elements
comprising the OPA. The phase shifts can be obtained through
optical phase shifters based on electro-optic or thermo-optic
effect [57], [58].

The radiation pattern of the OPA with Na = 3 is plotted
in Fig. 5 (a) for different values of the phase difference

between the radiating antennas. As can be seen from the
radiation diagram, when α = 0◦, i.e., the radiators comprising
the OPA are all in phase, the gain pattern shows a single
main lobe with its maximum at ϕ = 0◦. However, when
α = ±360◦/Na = ±120◦, the maximum of the radiated
beam can be steered in correspondence of the first nulls in the
radiation diagram of the broadside OPA. This non-mechanical
reconfigurability of the OPA can be utilized to steer a radiated
beam for addressing different receivers, for example, three
receivers in the present scenario (i.e., Rx+1, Rx0 and Rx−1).
Figure 5 (b) shows the radiation profile of the OPA with
Na = 5. From the radiation diagrams in Figs. 5 (a) and (b),
it can be noticed that, as expected [12], by increasing the
number of antennas increases the maximum gain and the
number of zeros in the radiation diagram. These character-
istics can be exploited to increase the number of addressable
receivers. For example, according to Fig. 5 (b), five different
receivers can be addressed when a suitable phase difference
α = (0◦,±360◦/Na) is applied between the antenna elements.
The non-addressed receivers can be positioned in accordance
with the nulls of the broadside radiation diagram (i.e., α =
0◦) to minimize the crosstalk. These OPAs can be exploited
to realize a broadband optical wireless switch for on-chip
interconnections.

III. DESIGN OF A LNOI ON-CHIP WIRELESS SWITCH

In this section, we demonstrate the design of a LNOI
optical wireless switch utilizing the OPA as a building block.
We present a numerical analysis of the on-chip wireless links
with reconfigurable switching functionality. As an example,
we demonstrate an optical link comprising OPAs to construct
1×3 switching matrix in which a transmitter Tx can efficiently
address one of the three in-plane receivers Rxi (i = 0,±1).
First we consider the case in which each transmitting and
receiving OPAs are composed of Na = 3 LN taper antennas.
The link distance between the transmitter and the broadside
(Rx0) receiver is dlink, and the distance between two adjacent
receivers is ∆y, as schematically shown in Fig. 6. The
reconfigurability can be attained by applying a suitable phase
difference α between the antenna elements of the OPAs.

A. Homogeneous Host Medium

In order to simplify the analysis, we initially examine a
simplified case of study in which the transmitter and receivers
are hosted by an infinite homogeneous medium with refractive
index nSiO2 . Using 3D-FDTD simulations, we compute the
insertion loss (IL) for each receiving OPAs, and evaluate the
crosstalk (XT) between the receivers. The insertion loss (IL)
defined as [19]:

IL = −10 log10 (Ti) (3)

where Ti is the transmittance at the addressed receiver Rxi

(i = 0,±1). The crosstalk (XTi,j) between the addressed
receiver Rxi and non-addressed receiver Rxj is expressed as:

XTi,j = 10 log10

(
Ti

Tj

)
(4)
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Fig. 6. Schematic of 1 × 3 wireless switch based on OPAs, composed of
Na = 3 identical LN taper antennas. A transmitter Tx can address each of
the three receivers Rxi (i = 0,±1), depending upon the phase difference
α = 0◦, ± 360◦/Na between the radiators comprising OPAs. dlink is the
distance between the transmitter and the broadside receiver (α = 0◦) and da

is the center-to-center distance between two adjacent antenna elements of the
OPAs. The separation between the two neighbouring receiving OPAs is ∆y.
The inset illustrates the cross-section in the YZ−plane at the input of the
wireless switch, when also the multilayer structure is considered.

where Tj is the transmittance computed at the non-addressed
receiver Rxj , where j = 0,±1 and j ̸= i.

Figures 7 show the transmittance (Figs. 7 (a), (c) and (e))
as a function of the free-space wavelength λ, and the electric
field (|E|) profiles (Figs. 7 (b), (d) and (f)) in the XY−plane
(i.e., in the ϕ−plane) for different values of the input phase
shifts. To obtain these results, we choose da ≈ λm (=
1.08λm) and an arbitrarily value for the link distance dlink =
70 µm. As shown in Fig. 7 (a), when the phase difference
between the radiators is α = 0◦, the transmitter communi-
cates with the central receiver Rx0 with IL = 18 dB and
XT0,±1 = −37 dB. Similarly, when α = +120◦(or − 120◦),
the transmitter aims at the upper (or lower) receiver Rx+1

(or Rx−1) with IL = 21 dB and the worst-case crosstalk
is XT1,0 (or XT−1,0) = −23.3 dB, as shown in Fig. 7
(c) (or (e)). We have compared the computed IL for the
broadside communication with the well-known Friis trans-
mission equation [22], [59] and the results agree very well.
Figures 7 (b), (d) and (f) show the electric field |E| profiles
in the XY−plane for α = +120◦, α = 0◦ and α = −120◦,
respectively, demonstrating the beam steering to illuminate an
assigned receiver. It is worth noting that, when the transmitter
Tx aims at a specific receiver Rxi (i = 0, +1,−1), the
addressed receiver registers maximum power while the other
non-addressed receivers Rxj (where j = 0, +1,−1 and j ̸=
i) fall at radiation minima. For example, for α = 0◦ the
transmitted beam with the main radiation lobe illuminates
the broadside receiver Rx0, whereas, the non-addressed upper
Rx+1 and lower Rx−1 receivers get minimum signal. The
received signal can be minimized by positioning the OPA
receivers at a distance ∆y = dlink tan(Φnull). The angular
position of the nulls Φnull, corresponding to the minima in
the radiation diagrams of Figs. 5, can be determined by the
following relation [12]:

Φnull = ± sin−1

(
λm

daNa

)
(5)

Fig. 7. Performance of a 1 × 3 wireless switch hosted in an infinite
homogeneous medium. Left panel: Transmittance in dB computed at each
receiving node at λ = 1.55 µm, by using 3D-FDTD simulations for different
values of the phase shift (a) α = +120◦, (d) α = 0◦ and (e) α = −120◦.
Right panel: The electric field (|E|) profile (in log scale) in the XY−plane
showing beam steering to address different receivers depending upon the
applied phase shifts between the antenna elements: (b) α = +120◦,
(d) α = 0◦ and (f) α = −120◦. In these simulations, we consider da ≈ λm

and dlink = 70 µm.

which depends on the wavelength in the embedding medium
λm, the distance between the radiators da and the number of
antennas Na comprising the OPAs.

B. Multilayer Structure Configuration

In integrated photonic devices, the structure configuration
for on-chip communication is based on the multilayers of
different materials. This typical LNOI multilayer configuration
is common in commercial wafers [22], [60]. It consists of
a bottom thick layer of bulk Si (or LN) superimposed by a
thick silica layer, serving as a substrate to LN waveguides.
The cladding layer, in general, is a polymer that is spin coated
over the sample and, in the case of our optical wireless switch,
it can be chosen to reduce the propagation loss of the wireless
propagating signal.

The analysis conducted in the previous subsection, consider-
ing an infinite homogeneous host medium, is useful to define
the design criteria and to understand the working principle
of the 1 × 3 switch. However, it overlooks the multipath
propagation effect originating from the medium discontinuities
present in the on-chip optical wireless scenarios [22]. In the
following, we consider the multilayer configuration which is
typical of the fabricated samples in an on-chip communication
scenario, as often studied in LNOI technology. The optical
link is composed of a multilayer structure, as schematized
in Fig. 6, consisting of a bottom bulk Si layer superimposed
by a SiO2 layer of thickness hsub, acting as a substrate to
the LN waveguide of thickness t. The LN waveguides are
covered with a finite cladding layer of SiO2 with thickness
hc interfacing with free space. We extract the geometrical and
material parameters from the literatures [12], [22], and [60].
In our numerical model, we consider the bottom-most Si and
the top-most air layers to be infinite by employing the perfectly
matched layer boundary conditions. The thickness of substrate
is taken as hsub = 3 µm. In our analysis, we examine the
behavior of LN waveguides with various thicknesses t ranging
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Fig. 8. 1× 3 optical wireless switch based on multilayer structure configu-
ration. Left panel: Transmittance at each receiving OPAs for (a) α = +120◦,
(c) α = 0◦ and (e) α = −120◦. Right panel: The electric field (|E|)
profile in the XY−plane showing beam steering to address different receivers,
considering (b) α = +120◦, (d) α = 0◦ and (f) α = −120◦. These results
are obtained for hc = 3 µm and dlink = 70 µm at λ = 1.55 µm.

from 0.3 µm to 0.5 µm, and of the cladding layer with
thicknesses hc ranging from 0.5 µm to 5 µm.

Propagation in multilayer structures gives rise to multiple
reflections of the optical signals at the multiple interfaces
which can induce an increase or decrease of the received
power due to constructive or destructive interference. Careful
choice of the chip layer structure can result in received signal
with higher strength, as compared to the link operating in an
infinite homogeneous medium. Considering SOI technology,
a comparison showing a very good agreement between the
FDTD simulations and experiments of a multilayer wireless
link has already been reported [22]. It has been demonstrated
that multipath phenomena induced by the multilayer structure
can have a strong impact on the performance of the optical
link, and can be exploited to improve the received power.
Figure 8 shows the transmittance (Figs. 8 (a), (c) and (e))
and the electric field profiles (Figs. 8 (b), (d) and (f)) for the
on-chip multilayer structure implementing a 1 × 3 wireless
switch. It is interesting to note that, in this scenario, the
received power at each targeted OPA is higher as compared
to the case of propagation in homogeneous medium. When
Tx aims at Rx0 (α = 0◦) the insertion loss is IL = 7.5 dB
and the crosstalk is XT0,±1 = − 34.5 dB at λ = 1.55 µm.
Similarly, when α = +120◦ (or α = −120◦), Rx+1 (or Rx−1)
receives maximum radiated power with an IL = 8.5 dB and
the worst-case crosstalk is XT±1,0 = −24.4 dB. Figures 8 (b),
(d) and (f) show the electric field profiles |E| for different
phase shifts between the OPAs elements. The oscillations vis-
ible in the field pattern are the consequence of constructive and
destructive interference due to multiple reflections arising from
the material discontinuities in the multilayer configuration.

In Fig. 9, we report a comparison of the electric field distri-
bution in the XZ−plane (i.e., elevation plane when ϕ = 0◦) for
the channel link assuming a homogeneous host medium (a),
and an on-chip multilayer structure (b). The field profiles are
plotted at λ = 1.55 µm by considering the transmitter pointing
towards the broadside receiver. The results show that, when the
link is hosted in an infinite homogeneous medium, the field
scatters as it propagates along the channel (Fig. 9 (a)), while in

Fig. 9. A comparison of the electric field |E| profile (in log scale) of the
optical link in the XZ−plane at λ = 1.55 µm, considering the broadside
communication in (a) an infinite homogeneous host medium and (b) the
multilayer design with multipath propagation effect.

Fig. 10. Transmittance in dB at each receiving node as a function of the link
distance dlink considering hc = 3 µm. Each transmitting and receiving OPA
is made up of Na = 3 elements. The phase difference between the radiators
of the OPAs is (a) α = −120◦, (b) α = 0◦ and (c) α = +120◦.

the case of a multilayer structure the field is confined between
the lower Si and upper air layers (Fig. 9 (b)). This sort of
confined propagation, consequently, leads to received signals
with higher strength as compared to infinite homogeneous
embedding medium.

The link distance and thickness of the cladding layer
are design parameters that can be exploited to improve the
device performance. The transmittance at each receiving OPA
as a function of link distance dlink is plotted in Fig. 10.
By considering communication with the central node Rx0,
the maximum transmission is observed at dlink = 35 µm
with an insertion loss IL = 1.8 dB and crosstalk XT0,±1 =
−27.28 dB. For the steered beam (α = ±120◦), the best-case
insertion loss is IL = 3.93 dB and the worst-case crosstalk is
XT±1,0 = −24.36 dB. The effect of link distance can be easily
understood as changing the dlink means either bringing the
receivers closer to or moving them away from the transmitter,
which can place them at interference minima or maxima,
as shown in Fig. 9 (b). These results show that the link
distance is a crucial parameter in the design criteria and must
be carefully chosen as it has a strong influence on the received
signal.

The thickness of the cladding layer is another important
parameter which can affect the performance of the device.
It provides an extra degree of freedom to optimize the device
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performance. The other layers can also play their role, but
their thickness is constrained by the commercial wafers,
thus making difficult to vary their thicknesses. Therefore,
in the present analysis, we study the impact of the thickness
of the cladding layer on the device performance. Figure 11
shows the transmittance computed as a function of thickness
of cladding layer hc at dlink = 35 µm. It can be observed
that hc has a considerable impact on the received power.
In the present setup, we observe maximum transmittance at
hc = 3 µm and a minimum transmittance at hc = 4 µm.
In fact, the change in the cladding thickness influences the
condition for constructive and destructive interference. For a
fixed link distance, the thickness of the cladding layer can
be carefully chosen to enhance the device performance. The
parameter hc, therefore, provides an extra degree of freedom
to optimally design the switching device.

We also analyze the performance of the optical link based
on the OPAs with Na = 5 LN taper antennas. As discussed
in Section II-B, by considering the radiation diagram in
Fig. 5 (b), it is possible to exploit the OPAs with Na = 5,
to implement a 1 × 5 on-chip wireless switch. Nevertheless,
for the sake of brevity and to streamline the discussion,
we consider exactly the same scenario of 1 × 3 switch as
discussed previously, with the only difference being that each
OPA now has Na = 5 antennas. The separation between two
adjacent elements of the OPAs is the same as considered
previously, i.e., da ≈ λm (λm being the wavelength in
the cladding medium SiO2). The phase shift required for
an efficient beam steering to address the side receivers is
α = ±360◦/Na = ±72◦. The transmittance calculated at each
receiving OPA at the free-space wavelength λ = 1.55 µm is
plotted in Fig. 12. The broadside receiver has an IL = 0.83 dB
and XT0,±1 = −24 dB at dlink = 80 µm, whereas, the side
receivers have the best-case IL = 1.55 dB and the worst-case
XT±1,0 = −27 dB at dlink = 70 µm. The results demonstrate
that by using the OPAs with Na = 5, the received signal is
relatively higher at both the broadside receiver (Rx0) and the
side receivers (Rx±1), as compared to the case of the OPAs
with Na = 3.

IV. FABRICATION IMPERFECTIONS:
A STATISTICAL ANALYSIS

So far, we have investigated the performance of the on-chip
wireless switch by considering ideal fabrication conditions,
and demonstrated how the design of the OPAs and their
surrounding environment can be leveraged to enhance the
received power. However, the imperfections in fabrication and
integration of the LN OPAs can affect their beam shaping
and steering capabilities, which can consequently change the
overall performance of the device. LN is a versatile material,
thanks to its unique crystal structure; nevertheless precise man-
ufacturing of LN components can present several challenges
and demands a careful handling and a good understanding
throughout the fabrication steps due to complex nature of
the etching processes involved. The fabrication imperfections
may include the waveguide width variation, asymmetric and
incorrect sidewall angles, non-uniform spacing between the
antenna elements, phase shift errors, inaccuracy in the excita-
tion amplitude, inter-component integration issues, etc.

Fig. 11. Transmittance in dB at different receivers as a function of thickness
of the cladding layer hc at λ = 1.55 µm. The phase difference between the
antennas of the OPAs is (a) α = +120◦, (b) α = 0◦ and (c) α = −120◦.
The link distance between the transmitter and receiver is dlink = 35 µm.

Fig. 12. Transmittance in dB at each receiving node as a function of the link
distance dlink at λ = 1.55 µm. We consider that each OPA is composed of
Na = 5 LN taper antennas. The phase difference between the radiators of
the OPAs is (a) α = +72◦, (b) α = 0◦ and (c) α = −72◦.

In this section, therefore, we present a statistical analysis of
the effect of fabrication imperfections on the performance of
the OPAs and the on-chip wireless switch. As an illustrative
example, we consider here the case of 1 × 3 on-chip switch
with OPAs made of Na = 3 LN taper antennas. In order to
do so, we numerically examine the radiation characteristics of
the OPA for 500 possible realizations by randomly considering
fabrication imperfections deviating from the ideal conditions.
In particular, we consider random variations in the excitation
amplitudes, with the mean value at bq = 1, and in the
input phase, with the mean value at α = 0◦, each with a
standard deviation of 0.1. We denote the errors in the excitation
amplitude by bqe and in the phase shift by αe. The phase errors
may occur from the imperfect etching of the LN waveguides
(including mismatches in waveguide size, roughness and side-
wall angles) or can be due to fabrication imperfection of the
phase shifters. The amplitude error can originate if the power
splitters are not perfectly symmetric, and they deliver power
with different splitting ratio to the input antennas. Since the
phase shifters in LN usually exploit the EO effect, the phase
error can be compensated by tuning the driving voltages of
phase shifters. The amplitude error, on the other hand, could
be relatively more difficult to mitigate. However, one possible
strategy that could be used to compensate for this error is the
post-fabrication tuning method, in which the device parameters
are tuned after the fabrication, or by using the improved
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Fig. 13. Effect of fabrication imperfections on the radiation pattern of the
OPA made of Na = 3 LN antennas. Gain of the OPA as a function of
azimuthal angle ϕ when considering fabrication errors in (a) the excitation
amplitude bqe, (b) the phase shift αe, and (c) taking both variations simultane-
ously (bqe, αe). The thick black line illustrates the ideal scenario, while each
of the remaining plots represents a radiation diagram corresponding to one of
the arbitrarily chosen realization among the set of 500 possible realizations
we have considered.

fabrication processes, for example. The radiation diagram of
the OPA under ideal fabrication conditions is presented in
Fig. 5 (a). Moreover, we conduct 3-D simulations to analyse
the performance of an on-chip optical switch by considering
the worst-case scenario of fabrication imperfections.

Figure 13 shows the radiation diagrams of the OPA for
random realizations of the fabrications errors in the excita-
tion amplitude, input phase shift, and their combined effect.
Initially, we consider random errors only in the excitation
amplitude, while keeping the other parameters fixed to their
ideal values. Figure 13 (a) depicts the effect of the errors
in the excitation amplitude bqe on the radiation diagram of
the OPA with Na = 3. The thick black line represents the
radiation pattern in the ideal fabrication conditions (as reported
in Fig. 5 (a)), whereas, each of the remaining line plot depicts
a radiation diagram corresponding to one of the arbitrarily
chosen realization among the set of 500 possible realizations
we have considered in our analysis. We observe that the
imperfections in the excitation amplitudes of the radiators
primarily change the sidelobe level and the positions of the
radiation minima. The sidelobe level (SLL) can be defined
as the difference in dB between the maximum value of the
main beam and the maximum value of the first sidelobe in the
radiation diagram. The main lobe is almost unaffected by bqe

and the overall profile of the radiation pattern is also preserved.
In addition, Fig. 13 (b) shows the OPA radiation diagrams
calculated considering imperfections only in the phase shift αe

applied at each emitter of the OPA. The results show that the
errors in the input phase displace the entire radiation diagram
and with a stronger impact on the sidelobe level. Figure 13 (c)
depicts the radiation diagram of the OPA by simultaneously
taking into account the fabrication errors both in the excitation
amplitudes bqe and in the input phase αe. We notice that the
contemporary random variation of both the parameters bqe and
αe has a more pronounced impact on the sidelobe level.

Therefore, we consider the statistical analysis of the influ-
ence of fabrication imperfections on the sidelobe level by

Fig. 14. Impact of fabrication imperfection on the sidelobe level (SLL) of the
radiation diagram of the OPA. The radiation diagram with ideal parameters
is given in Fig. 5 (a). The right half of the violin plot represents the changes
in the SLL for α = 0◦, whereas, the left half represents the SLL when
α = +120◦. The white circle at the center of each violin point indicates the
median value of the considered samples. The plots illustrate results for the
random variations in the antenna distance re, the excitation amplitude bqe,
the input phase αe, and their combined effect.

arbitrarily selecting 500 possible realizations. In this analysis,
we take into account also the deviation in the distance between
the antenna elements of the OPAs relative to the wavelength
in the cladding medium. We define the ratio between the
antenna distance da and wavelength λm as r = da/λm and
denote the corresponding fabrication error as re. We consider
the variations in the antenna distance with the mean value
at r = 1.08 and a standard deviation of 0.01. Figure 14
illustrates the sidelobe level (SLL) of the radiated beam using
violin plots, considering fabrication imperfections in various
parameters individually and their combined effect simultane-
ously. In particular, we investigate the deviation in the antenna
distance re, the excitation amplitude bqe, the phase shift αe,
and their combined effect. The data in Fig. 14 are plotted
around the median value of the considered samples denoted
by a white circle in the center of each violin (i.e. the coloured
areas in Fig. 14), and each point on the violin represents a
possible realization due to fabrication imperfections. The left
half of each violin represents the variations in the SLL when
α = 0◦, i.e., all emitters are in phase, while the right half
represents the change in sidelobe level for the steered beam
(α = +120◦). The effect of re on the SLL is relatively small,
particularly for the SLL of the steered beam (α = +120◦).
bqe and αe may have a significant impact on the SLL of
both the broadside and steered beams. Furthermore, we see
that considering simultaneously all the presently examined
fabrication imperfections, the SLL can fluctuate up to ±5 dB
as compared to the one with the ideal parameters.

The performance of the on-chip wireless switch is then
evaluated taking into account the combined effect of fab-
rication errors in the worst-case scenario selected from the
500 different realizations. We consider an OPA made of
Na = 3 antenna elements, when the fabrication error in the
excitation amplitude and in the input phase of each radiator are
bqe = [−0.06,−0.18, 0.22] and αe = [8.85◦,−8.02◦, 8.47◦],
respectively. We perform numerical simulations to analyze
the impact of fabrication errors on the performance of 1 × 3
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Fig. 15. Transmittance (T) as a function of input wavelength λ calculated
at each receiver for (a) α = 0◦ + αe and (b) α = 120◦ + αe. The dashed
lines refer to the transmittance when all the parameters are taken with their
ideal values, i.e., no fabrication imperfections. These results are obtained
considering hc = 3 µm and dlink = 35 µm.

on-chip switch in the multilayer configuration for hc = 3 µm
and dlink = 35 µm. The transmittance at the three receivers are
plotted in in Fig. 15, when the transmitter addresses the broad-
side Rx0 (Fig. 15 (a)) or the side receiver Rx+1 (Fig. 15 (b)).
To facilitate the comparison, we also include the results for
the ideal case (without any fabrication imperfection), repre-
sented by the dashed lines. As depicted in Fig. 15 (a), the
transmittance calculated at each output OPA indicates that the
insertion loss is IL = 1.92 dB for the broadside receiver, which
is almost unaffected by the fabrication errors (bqe and αe). The
crosstalk XT0,+1 = −24.36 is approximately 2 to 3 dB higher
as compared to the ideal case in the considered wavelength
range. For the side receiver, the insertion loss (IL = 4.27 dB)
is nearly identical, but the crosstalk (XT+1,0 = −14.73 dB)
is 9.28 dB higher than in the ideal scenario.

From the above-given analysis, we perceive that the per-
formance of the wireless switch is quite robust, particularly
in the context of broadside communication. The variation
intervals we have considered are quite large which, in general,
are conservative with respect to the actual errors occurring
during the fabrication. We have shown that even considering
the largest fabrication error, already taken into account in
our analysis, the device performance is barely affected (see
Fig. 15). Even if there is an increase in the crosstalk while
addressing the side receivers, we expect an improvement in
the performance when faced with the real-world fabrication
imperfections, given that we are considering the worst-case
scenario. Moreover, we would like to remark that the fabrica-
tion errors and the quality of the fabricated device depend on
the available facilities and the optimization of the fabrication
process.

V. CONCLUSION

In this work, we have investigated an on-chip optical
wireless switch exploiting the integrated optical phased arrays
based on the LNOI technology. We have reported the design
and radiation characteristics of LN antenna element compris-
ing the OPAs, and a parametric analysis. As an example,
we have shown the results of a 1× 3 on-chip optical wireless
switch considering both a hypothetical infinite homogeneous

medium and a realistic multilayer structure design, exhibiting
the multipath propagation phenomenon. The interconnection
between transmitter and different receiving nodes can be
achieved by steering the radiation beam via phase differ-
ence between the radiant elements. In addition, we have
investigated how the received power is influenced by the
change in geometrical parameters and the number of radiating
elements of the OPAs. We show that a well-thought-out
structure design with optimized parameters can provide an
enhanced power at the receiving nodes. We have examined
here a 1 × 3 wireless switch, however, in general, the OPAs
can be assembled together to form N × N reconfigurable
switching matrices. Thus, LNOI can be a good candidate for
implementing the optical wireless switches as they can be
integrated with on-chip networks as a promising alternative
to microring resonator based optical systems.
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