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(57) ABSTRACT

The invention relates to an integrated polarisation splitter
based on a sub-wavelength multimode interference coupler
(110), in other words, a multimode interference coupler
(110) with an anisotropic multimode waveguide region
formed by a plurality of sections of core material (210) and
a plurality of sections of a cladding material (230) alter-
nately arranged in a periodic way, with a period (A) smaller
than the wavelength of a light propagated through said
anisotropic region. The core material sections (210) are
rotated an angle (a) greater than zero with respect to a
perpendicular with an input waveguide (120) to increase the
anisotropic character of the multimode waveguide region.
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INTEGRATED POLARISATION SPLITTER
OBJECT OF THE INVENTION

[0001] The present invention relates to the field of inte-
grated optics and, more specifically, to a polarisation splitter.

BACKGROUND OF THE INVENTION

[0002] One of the main problems in the world of inte-
grated optics is the dependence of photonic devices on
polarisation. Thus, the majority of devices currently
designed are exclusive for transverse electric (TE) polari-
sation or for transverse magnetic (TM) polarisation. The
integration of polarisation splitters, so frequently used in
free-space optics, is therefore of significant interest, given
that the optical power transported by orthogonal polarisation
to that of design will become a source of interference if not
removed from the circuit. Different optical phenomena,
materials and structures have been proposed with the aim of
implementing said polarisation splitters. Noteworthy among
the alternatives proposed are sub-wavelength diffraction
gratings, photonic crystals, the negative refraction present in
said crystals or form birefringence (intrinsic in the materi-
als). However, all of these configurations have serious
problems in the manufacturing thereof, either due to a
heightened sensitivity to deviations with respect to nominal
designs, which are inevitable during the manufacturing
process, or due to the fact that they require geometries or
auxiliary elements that cannot be implemented by the stan-
dard manufacturing procedures of commercial photonic
chips.

[0003]  One possible solution to the aforementioned manu-
facturing limitations is the use of multimode interference
(MMI) couplers. For example, patent U.S. Pat. No, 5,838,
842 discloses an MMI for polarisation splitting in integrated
devices. The MMI has a multimode waveguide region (also
known as a “slab”) in which self-imaging of the transverse
electric (TE) and transverse magnetic (TM) modes is gen-
erated at different lengths. Said lengths are determined by
the differences in the propagation constants of both modes in
the multimode waveguide region. However, given that the
multimode waveguide region is a continuous waveguide, the
differences between the propagation constants are small and
hard to control, resulting in devices with low efliciency and
which require large propagation distances in the multimode
waveguide region, thereby leading to an increased total size
of the device.

[0004] It must be noted that multimode interference
(MMI) couplers have also been used conventionally for
power splitting, in other words, instead of separating two
polarisations into two output waveguides, part of the power
of a single polarisation is separated into two or more output
waveguides. The features of MMI as power splitters, and
particularly the losses and the bandwidth thereof, have been
improved by means of the use of sub-wavelength grating
(SWG) structures, as shown in patent ES2379058. It must be
noted that the SWG structures of said power splitter, in
addition to being perpendicular to the input and output
waveguides, are designed to operate in a wide bandwidth at
one polarisation. In other words, the geomelric parameters
of said SWG structure are selected so that the bandwidth of
the device is optimised for one polarisation, the device being
inoperative at the orthogonal polarisation. Specifically, the
bireftingence of the multimode waveguide region implies
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different beat lengths for the TE and TM polarisations, and
thus the positions of the MMI in which power splitting is
verified are different for each polarisation, preventing the
joint removal thereof. In other words, in these types of
devices, the birefringence and the anisotropy of the SWG
structure are not controllable during design, but rather are a
consequence of the geometric parameters thereof.

[0005] Multimode interference (MMI) couplers have also
been used as wavelength multiplexers by means of the
incorporation of an anisotropic optical filter in the centre of
said MMI, as shown in U8, Pat. No. 6.445,849. It must be
noted that in this case, in addition to the fact that the device
operates at a single polarisation, the other polarisation being
unusable, the anisotropic structure of the MMI is an external
element implemented with another material that is different
from that of the core and that of the cladding, and with a
geometry that impedes the arrangement thereof according to
the usual methods for manufacturing said core and cladding,
which hampers the manufacturing and integration of the
device.

[0006] Another relevant document is US2016282555A1,
which introduces an optical manipulator which includes a
first section for propagating an optical signal with multiple
polarization modes including a transverse electric mode and
a ftransverse magnetic mode, and a second section for
propagating separately the transverse electric mode and the
transverse magnetic mode of the optical signal.

[0007] The optical manipulator also includes a multi-
mode interference (MMI) section having a groove with a
first refractive index less than a second refractive index of
the MMI section. The groove extends along an entire length
of the MMI section to partition the MMI section into two
connected channels including a first channel and a second
channel. The first section is connected to the first channel
and the second section is connected to both the first and the
second channels.

[0008] In document WO2016123719A1 a method of
modifying an optical waveguide is described, wherein a
pre-existing core waveguide and/or the surrounding (eva-
nescent) volume is irradiated with external radiation in a
preferentially shaped beam with sufficient intensity to create
permanent refractive index changes of a controlled cross-
sectional shape and pattern along the axial length of the
pre-existing core waveguide. This reshaping of the wave-
guide serves in several ways, for example, to modify the
mode profile, the propagation constant of each permitted
mode, the birefringence, and the radiation mode losses of the
pre-existing guided modes. Further, the reshaping can
enable a change in the number of modes permitted to
propagate in selected portions of an optical waveguide. In
this way, a Multimode Interference (MMI) waveguide sec-
tion can be introduced selectively into the pre-existing
waveguide.

[0009] Also in document US2017248760A1 it is
described an optical demultiplexer/multiplexer, comprising:
a multimode interference waveguide; at least one first cou-
pling waveguide which meets the multimode interference
waveguide at at least one first location and a plurality of
second coupling waveguides which meet the multimode
interference waveguide at a plurality of second locations
which are spaced in a direction of transmission in relation to
the at least one first location, with the at least one first
coupling waveguide and the second coupling waveguides
together with the multimode interference waveguide pro-
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viding a first angled multimode interferometer which oper-
ates to demultiplex a first optical signal having optical
channels of a plurality of wavelengths or multiplex optical
signals of a plurality of wavelengths into a first optical signal
having optical channels of the plurality of wavelengths.
[0010] Relating to the same technical field, document U.S.
Pat. No. 7.035,494B1 describes a multimode interference
device and method of making the same, and which com-
prises at least one input port, at least one output port, a
multimode interference region separating the input port from
the output port, and at least one subregion in the multimode
interference region, wherein a self-image length within the
multimode interference regions is reduced by a factor that is
approximately equal to one plus a number of subregions
configured in the multimode interference region, wherein
the at least one subregion is configured to have an effective
width and effective refractive index running longitudinally
through the multimode interference region.

[0011] Lastly, document US2013136389A1 introduces an
optical de-MUX which includes a sub-wavelength grating
that magnifies an input optical signal. In particular, along a
direction perpendicular to a propagation direction of the
optical signal, the sub-wavelength grating has a spatially
varying effective index of refraction that is larger at a centre
of the sub-wavelength grating than at an edge of the sub-
wavelength grating. Moreover, the optical de-MUX includes
an optical device that images and diffracts the optical signal
using a refractive geometry, and which provides different
diffraction orders to the output ports.

[0012] In essence, although MMI devices have been suc-
cessfully used for different functionalities, their performance
as polarisation splitters, as well as the performance of the
rest of integrated polarisation splitters known to date, have
different drawbacks, such as a large size for the device, low
efliciency. high losses, limited bandwidth or complex manu-
facturing. Thus, in the state of the art there is a need for an
integrated polarisation splitter that is compact, efficient, with
a high bandwidth and which is easy to manufacture.

Description of the Invention

[0013] The present invention solves the aforementioned
problems by means of a polarisation splitter based on a
multimode interference coupler with an anisotropic SWG
multimode waveguide region, in other words, a region
formed by an alternating arrangement of sections of a core
material and sections of a cladding material, with a period
smaller than the wavelength of a light propagated through
said anisotropic region, in which said anisotropy is adjusted
by rotating the alternating sections. It must be noted that the
SWG structure described does not lead to an increase in the
difficulty or in the number of steps of the manufacturing
process. Put differently, the polarisation splitter of the inven-
tion can be integrated together with any other combination
of devices in a photonic chip, and manufactured during the
same etching step as the rest of said devices (unlike other
polarisation splitters that require multiple etch depths,
inclined walls, additional materials, etc.).

[0014] The device, preferably implemented in silicon on
insulator (SOI), comprises an input waveguide that receives
a transverse electric (TE) mode and a transverse magnetic
(TM) mode, and two output waveguides that transmit said
modes separately. By controlling the anisotropic properties
of the SWG structures through the rotation angle thereof
with respect to the optical axis, one is able to generate a
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reverse Talbot self-image of the transverse electric (TE)
mode at a first distance (LTE) corresponding to approxi-
mately three times a beat length of said TE mode (L,;;); and
a reverse Talbot self-image of the transverse magnetic (TM)
mode at a second distance (L), corresponding to approxi-
mately three times a beat length of said TE mode (L. It
must be noted that direct Talbot self-image must be under-
stood as the position in which the modes propagated through
the multimode interference (MMI) region constructively
interfere in a maximum aligned with the input waveguide.
Likewise, in the reverse Talbot self-image, the multimode
interference results in a maximum transversely displaced
with respect to the input waveguide.

[0015] The geometric parameters of the SWG structure of
the MMI of the invention are selected by means of optimi-
sation through photonic simulation, imposing that the beat
length of the TM mode (L) is a whole number times
greater than the beat length of the TE mode (L), prefer-
ably twice as great. With the aim of optimising the focali-
sation of the self-imaging of the TE and TM modes in the
first output waveguide (direct image) and the second output
waveguide (reverse image), respectively, the total length of
the multimode interference coupler is preferably approxi-
mately three times greater than L, and six times greater
than [_,,. It must be noted that the control of the anisotropy
provided by the rotation of the SWG structures increases the
degree of freedom when selecting the proportionality factor
between the focalisation distances of the self-imaging of the
TE and TM modes, resulting in a more compact device and
smaller losses than the MMI in which said rotation is not
present. Likewise, it must be noted that although other SWG
geometric parameters such as the period or the fill factor can
affect the resulting anisotropy, said effect is significantly less
than that which is produced by rotation, thereby limiting the
features obtainable by the splitter. Furthermore, it must be
noted that, unlike said parameters (period and fill factor) the
rotation angle does not affect the minimum feature size of
the device and therefore does not affect manufacturing
difficulty thereof.

[0016] The SWG structure of the muliimode interference
coupler is rotated an angle (a) greater than zero to control the
anisotropic behaviour, enabling to independently control the
focalisation distances of the Talbot self-images and thereby
reduce the length of the device (in other words, the dimen-
sion of the device in the main propagation direction, also
known as the optical axis). In other words, the interfaces
between the plurality of sections of the core material and the
plurality of sections of cladding material form an angle (a)
greater than zero with a plane that is perpendicular to the
optical axis of the device, said optical axis being defined by
the common direction of the input waveguide, the first
output waveguide and the second output waveguide. It must
be noted that the exact angle (a) at which the response of the
device is optimised depends on the rest of the geometric
parameters of the MMI (width, height, cladding material,
period and fill factor), being determined by means of the
corresponding photonic simulations.

[0017] Tt must also be noted that in conventional MMIs,
the whole number that establishes the proportionality
between beat lengths must be chosen from a range limited by
the physical parameters of the device, typically equal to or
greater than 5. The control of the anisotropic properties of
the SWG structure of the present invention allows said
number to be established at two, and the beat lengths of the
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TE and TM modes to be adjusted by the angle (ct) selection
in order to comply with said proportionality relationship,
resulting in a significant total size reduction of the device.
[0018] According to two preferred options, the sections of
core material can be continuous, or divided into two or more
parts by a gap, filled or completed by the cladding material.
Likewise, depending on the specific implementation of the
MM, the geometric characteristics of the SWG region can
be kept constant throughout the entire device, or can be
modified throughout the same, either gradually or in incre-
ments. Also according to preferred options, the input wave-
guide, the first output waveguide and/or the second output
waveguide can either be arranged perpendicularly to the
MMI interface or have a non-perpendicular angle to said
interface.

[0019] With the aim of optimising the insertion losses in
the transition between the single mode waveguides and the
multimode region of the MMI, the device comprises a first
taper connected to the input waveguide, a second taper
connected to the first output waveguide and a third taper
connected to the second output waveguide. The tapers
comprise SWG structures with a variable width, preferably
with a central bridge with a width that is inversely propor-
tional to the width of the taper. Likewise, the SWG struc-
tures of the tapers preferably have a progressive rotation
between a direction perpendicular to the waveguide and the
angle ().

[0020] Although the optimum angle (o) depends on the
materials used and on the rest of the geometric parameters
of the SWG structure (for example on the height, width,
period and/or fill factor), for an example in silicon on
insulator with a height of 0.26 microns, a period of 0.22
microns and a fill factor of 0.5, the angle (o) is preferably
comprised at an interval between 5° and 25°, and more
preferably between 10° and 20°. However, the angle («) is
generally selected during the design of the device by means
of photonic simulation such that the first (L,;) and the
second (L,,,) distance are minimised, always maintaining
the proportionality relationship between both.

[0021] The device described therefore provides a compact
polarisation splitter with low losses and high bandwidth that
is able to be manufactured in a single lithography step. In
other words, the performance improvement is not associated
with an increase in manufacturing complexity. These and
other advantages of the invention will become apparent in
the light of its detailed description.

DESCRIPTION OF THE FIGURES

[0022] In order to assist in a better understanding of the
characteristics of the invention according to a preferred
practical exemplary embodiment thereof and to complement
this description, the following figures, of illustrative and
non-limiting nature, are attached:

[0023] FIG. 1 shows a multimode interference coupler
with rotated sections according to a preferred embodiment
of the invention.

[0024] FIG. 2 illustrates the main geometric parameters of
a sub-wavelength structure.

[0025] FIG. 3 exemplifies the propagation principles of
ordinary and extraordinary beams in an anisotropic struc-
ture.

[0026] FIG. 4 illustrates the effect of the rotation angle on
the anisotropic properties of a SWG structure.
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PREFERRED EMBODIMENT OF THE
INVENTION

[0027] Tt must be noted that the invention is described with
the device operating as a polarisation splitter. However, the
same device can operate in a reciprocal way as a polarisation
multiplexer, in other words, combining two orthogonal
polarisation signals of two input waveguides in a single
output waveguide, by simply reversing the operation direc-
tion of the device.
[0028] However, it must be noted that the polarisation
splitter object of the invention is preferably implemented in
silicon on insulator (SOI) to thus benefit from the high rate
of contrast of SOI; however, particular embodiments could
be implemented in other, different photonic platforms. In
other words, all the waveguides of the device are preferably
made by means of a silicon core, deposited on an insulator
layer, such as for example silicon dioxide. The cladding
material can vary for different embodiments of the inven-
tion, some of the possibilities being silicon dioxide, poly-
mers or air, without this list limiting the use of other possible
options.
[0029] With regard to the manufacture of the devices
proposed, it must be noted that the sub-wavelength struc-
tures (SWG), independent of the rotation angle thereof with
respect to the optical axis, do not increase the difficulty or
the number of steps with respect to the manufacture of
conventional waveguides. In other words, all of the struc-
tures used by the polarisation splitter of the invention can be
manufactured in a single etching step at a complete depth of
any conventional microelectronic etching technique, for
example by means of e-beam or deep-UV lithography.
[0030] FIG. 1 shows a first preferred embodiment of the
invention based on a multimode interference coupler (110),
more specifically a multimode interference coupler (110)
provided with sub-wavelength grating (SWG) structures, the
multimode waveguide region of which has anisotropic char-
acteristics generated by a periodic arrangement of sections
of a core material (210) and sections of cladding material
(230) with a period (A) smaller than the wavelength of a
light propagated through said anisotropic region. The polari-
sation splitter of the invention further comprises an input
waveguide (120) that receives the transverse electric (TE)
mode and the transverse magnetic (TM) mode, a first output
waveguide (130) intended to transmit the transverse electric
(TE) mode and a second output waveguide (140) intended to
transmit the transverse magnetic (TM) mode. The input
waveguide (130) is located on one end of the anisotropic
region of the SWG multimode interference coupler (110),
facing the first output waveguide (130), which is located on
the opposite end of the SWG multimode interference cou-
pler (110), while the second output waveguide (140) is also
located on said opposite end of the multimode interference
coupler (110), laterally separated from the first output wave-
guide (130).
[0031] With the aim of reducing the reflection losses in the
interfaces of the multimode interference coupler (110), the
polarisation splitter comprises a first taper (121), also known
as mode adapter, connected to the input waveguide (120), a
second taper (131) connected to the first output waveguide
(130) and a third taper (141) connected to the second output
waveguide (140). The first taper (121), the second taper
(131) and the third taper (141) have SWG structures with the
same period (A) and duty cycle () as the multimode
interference coupler (110), while the width thereof progres-
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sively varies from the width of a single mode waveguide to
a final width of the taper, preferably greater than the width
of the single mode waveguide, and therefore, the SWG
structures preferably have an incremental width. The first
taper (121), the second taper (131) and the third taper (141)
likewise comprise a central bridge, meaning a small con-
nector made of core material (210) in the centre of the
sections of cladding material (230). The width of the central
bridge is reduced as the total width of the respective taper
(121,131.141) increases, completely disappearing in the
interface with the multimode region of the multimode inter-
ference coupler (110). It must be noted that the specific
geometry of the taper (130) can vary among implementa-
tions, as long as smooth modal transition can be guaranteed,
minimising reflections in the interfaces between the multi-
mode interference coupler (110), the input waveguide (120)
the first output waveguide (130) and the second output
waveguide (140).

[0032] FIG. 2 shows the main parameters of any SWG
structure in more detail, which can be adjusted by means of
photonic simulations in order to engineer the refractive
index and dispersion. Specifically, said SWG parameters
include the width of the waveguide (W), the height of the
waveguide (H). the period (A) and the duty cycle (f). The
duty cycle, also known as fill factor, is the relationship
between a length (a) of the section of core material (210),
and a length (b) of the section of cladding material (230),
within a period (A). Both the sections of core material (210)
as well as the sections of cladding material (230) are
arranged on at least one layer of insulator material (220).

[0033] FIG. 3 schematically illustrates the behaviour of
any anisotropic material (300), applicable to the compre-
hension of the anisotropic multimode waveguide region of
the multimode interference coupler (110) of the invention.
When an incident beam (310) reaches an interface with the
anisotropic material (300) with an angle of incidence (®,).
one part of the optical power is reflected, generating a single
conventional reflected beam (320), with an angle of reflec-
tion (®,). However, the power transmitted to the anisotropic
material (300) does not result in a single beam, as occurs in
conventional isotropic materials, rather it generates two
beams with different angles: an ordinary beam (330) with
polarisation parallel to the interface (in other words, TE
polarisation), and a first angle of transmission (P ,); and an
extraordinary beam (340) with polarisation perpendicular to
the interface (in other words, TM polarisation), and a second
angle of transmission (®,,,). The difference between the
first angle of transmission (@) and the second angle of
transmission (®,,,), as well as the difference of effective
index perceived by the two modes, are used in the aniso-
tropic multimode waveguide region of the multimode inter-
ference coupler (110) of the invention for selecting the
proportionality relationship between the distances at which
the Talbot self-imaging of the modes are generated.

[0034] In other words, the anisotropic SWG region of the
multimode interference coupler (110) generates a Talbot
self-image of the transverse electric (TE) mode at a first
distance (L), and a Talbot self-image of the transverse
magnetic (TM) mode at a second distance (Ly). Selecting
the geometric parameters of the SWG structure of said
multimode interference coupler (110) by means of photonic
simulation, in other words, the height of the waveguide (H).
the period (A) and the duty cycle (f), results in the second
distance (L) being a whole number times greater than the
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first distance (L;). In this preferred embodiment, the sec-
ond distance (L) can be approximately two times greater
than the first distance (L,,). By imposing a total length of
the multimode interference coupler (110) a whole number
times greater than the second distance (L), the TE mode
is focalised on the first output waveguide (130) and the TM
mode on the second output waveguide (140). Furthermore,
the greater the anisotropic behaviour of the material, the
more unequal the relationship between the first distance
(L) and the second distance (L,,) will be, and therefore,
the more compact the resulting multimode interference
coupler (110) will be.

[0035] The anisotropic behaviour of the multimode inter-
ference coupler (110) of the invention (in other words, the
difference between the effective refractive indices for the TE
and TM modes of order 0 and order 1) can be controlled by
rotating the SWG structure of the anisotropic region an
angle (at). In other words, interfaces between the plurality of
sections of the core material (210) and the plurality of
sections of cladding material (230) form an angle (o) greater
than zero with a plane that is perpendicular to the optical
axis of the system, meaning, to the axis defined by the
direction of the input waveguide (120), the first output
waveguide (130) and the second output waveguide (140) at
the input to the multimode interference coupler (110). The
section of an angle (&) greater than zero allows the beat
lengths of the TE and TM modes to be adjusted so that they
are proportional in a double factor, thereby optimising the
length of the multimode interference coupler (110).

[0036] It must be noted that in alternative embodiments of
the invention, the input waveguide (120), the first output
waveguide (130) and the second output waveguide (140) can
have angles different than 90° in the interface thereof with
the multimode interference coupler (110). In other words,
the device of FIG. 4, the angle of incidence (®;) with the
average anisotrope is 0°, corresponding to a perpendicular
incidence. However, in other embodiments. said angle of
incidence (®,) can be increased by rotating the input wave-
guide (120), thereby modifying the first angle of transmis-
sion (P,,.) and the second angle of transmission (®,,,). By
modifying said angles, also modified are the first distance
(L) and the second distance (L,,,) at which Talbot self-
images are generated, enabling to thereby reduce the size of
the resulting device.

[0037] Likewise, it is possible to implement the SWG
anisotropic region of the multimode interference coupler
(110) including one or more gaps in the sections of the core
material (210), said gaps being filled by the cladding mate-
rial (230). For example, in a preferred embodiment, each
section of the sections of core material (210) schematically
shown in the FIGS. 1 and 4 can be divided into two sections,
separated by a central gap filled by the cladding material
(230). The number and arrangement of said gaps can vary
between implementations.

[0038] Regardless of the particular geometry of the mul-
timode interference coupler (110), when the SWG structure
of the anisotropic region is rotated an angle (o), it is
recommendable to modify the first taper (121), the second
taper (131) and the third taper (141), with respect to the case
of the perpendicular SWG structure shown in FIG. 1, with
the aim of optimising the transitions between said multi-
mode interference coupler (110), the input waveguide (120),
the first output waveguide (130) and the second output
waveguide (140). To do so, said first taper (121), second
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taper (131) and third taper (141) comprise SWG structures
that are progressively rotated between 0° at the end farthest
from the multimode interference coupler (110), and the
angle () at the end in contact with said multimode inter-
ference coupler (110).

[0039] The design of the device is preferably done by
means of a photonic simulation process in two stages. In the
first stage, a first approximation of the design is obtained by
means of the simulation of the SWG structure as a homog-
enous and anisotropic material. The anisotropic material
used is defined by a dielectric tensor, obtained by means of
Rytov approximation for the effective indices of the ordinary
ray (330) and the extraordinary ray (340). In particular,
preferably selected is a multimodal region of an initial width
approximately three times greater than that of the taper and
a waveguide height (H) defined by the photonic platform on
which the device is implemented. Establishing these starting
parameters, photonic simulations are carried out for a sweep
of rotation angles (ct), thereby modelling the evolution of the
anisotropic properties of the MMI for the particular case of
the application of the device. This first approximation allows
simulations to be carried out in three dimensions reducing
the computational time and cost of the simulation. Although
the use of waveguide heights of 260 nm are recommended
in order to facilitate the confinement of the transverse
magnetic (TM) mode, it must be noted that the device of the
invention can adapt to other heights of the waveguide (H).
[0040] Once the anisotropic properties are modelled at
different angles for the specific geometry and platform under
analysis, said modelling is applied to a first optimisation by
means of a sweep of different parameters, such as the width
of the multimodal region, the duty cycle of the correspond-
ing real SWG structure or the length of the polarisation
splitter. Said first optimisation process is done by executing
sweeps of the aforementioned parameters and imposing as
objectives the minimisation of total insertion losses, as well
as the verification of a proportionality factor as close as
possible to 2 between the beat lengths of the transverse
electric (TE) and transverse magnetic (TM) modes. As a
result of this optimisation, an approximation of the initial
design parameters (angle, width of the multimodal region,
period, duty cycle and length of the device) is obtained.
[0041] From the design parameters obtained in the first
stage, the physical modelling of the complete SWG structure
(without approximations to the homogenous medium) is
then carried out, which provides us with the final design of
the polarisation splitter. Although this process can be done
maintaining the degrees of freedom of all of the design
parameters, it is recommended that this second optimisation
process be simplified in order to reduce the computational
load of the same, establishing the width of the multimodal
region (for example at 4 microns), the duty cycle (for
example 0.5 so as to simplify the manufacturing), and the
period (always imposing that said period is outside the
Bragg regime, determined by the proportionality relation-
ship between the period of the SWG structure; and the
effective wavelength of the light propagated through said
structure).

[0042] The multiplicity between the beat lengths is then
optimised by means of fine tuning (in other words, by means
of sweeps of less variability than in the first stage) of the
rotation angle and the number of periods (and in the case of
not having been established according to the recommenda-
tion of the previous step, of the duty cycle, the width of the
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multimodal region, and/or the SWG period). As an objective
of this optimisation, a minimisation of the beat length
deviation of the transverse magnetic mode is imposed with
respect to twice the beat length of the transverse electric
mode. This second optimisation process is preferably done
using three-dimensional finite difference time domain
method (FDTD), although other photonic computation tech-
niques can likewise be applied to the same.

[0043] Although the exact effect of the rotation of the
SWG structure depends on the properties of the materials
that make up the same, as well as the rest of the geometric
parameters, FIG. 4 exemplifies this effect for the case of a
SWG structure of silicon on insulator with a wavelength
height of 260 nm, a width of 4 microns, a period of 220 nm
and a fill factor of 0.5, for a wavelength of 1550 nm. FIG.
4a shows the effective refraction indices (n,,) as a function
of the angle (o) for a TE mode of the order 0 (TE0) and for
aTE mode of the order 1 (TE1). FIG. 4b shows the effective
refraction indices (n,,) as a function of the angle (c) for a
TM mode of the order 0 (TMO) and for a TM mode of the
order 1 (TE1). It must be noted that an increase in the
rotation angle (ct) reduces the effective indices (n, ) of the
TEO and TE1 modes and increases the effective indices (n, )
of the TMO and TM1 modes, the effect on the TE polarisa-
tion being also significantly greater than on the TM polari-
sation.

1. An integrated polarisation splitter comprising a multi-
mode interference coupler (110) which in turn comprises:

an input waveguide (120) intended to feed a transverse

electric (TE) mode and a transverse magnetic (TM)
mode of an optical signal to the multimode interference
coupler (110),

a first output waveguide (130) intended to transmit the

transverse electric (TE) mode of the optical signal,

a second output waveguide (140) intended to transmit the

transverse magnetic (TM) mode of the optical signal.
the splitter being characterised in that the multimode inter-
ference coupler (110) comprises an anisotropic multimode
waveguide region formed by a plurality of sections of a core
material (210) and a plurality of sections of a cladding
material (230), respectively alternately arranged in a peri-
odic way with a period (A) smaller than the wavelength of
a light propagated through said anisotropic region; said
anisotropic region generating a Talbot self-image of the
transverse electric (TE) mode at a first distance (L;), and a
Talbot self-image of the transverse magnetic (TM) mode at
a second distance (L), said second distance (L,,) being
a whole number times greater than the first distance (L)
and forming interfaces between the plurality of sections of
core material (210) and the plurality of sections of cladding
material (230) an angle (o) greater than zero with a plane
perpendicular to the input waveguide (120), the first output
waveguide (130) and the second output waveguide (140).

2. The polarisation splitter according to claim 1, charac-
terised in that the second distance (L) is approximately
two times greater than the first distance (L,,).

3. The polarisation splitter according to claim 2, charac-
terised in that the anisotropic region of the multimode
interference coupler (110) has a length that is approximately
three times greater than the second distance (L,,).

4. The polarisation splitter according to any of the pre-
ceding claims, characterised in that the angle («) is com-
prised between 5° and 25°.
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5. The polarisation splitter according to claim 4, charac-
terised in that the angle (o) is comprised between 10° and
20°.

6. The polarisation splitter according to any one of the
preceding claims, characterised in that the plurality of sec-
tions of core material (210) comprise a central gap com-
pleted by cladding material (230).

7. The polarisation splitter according to any one of the
preceding claims, characterised in that it comprises:

a first taper (121) connected to the input waveguide (120);

a second taper (131) connected to the first output wave-

guide (130); and
a third taper (141) connected to the second output wave-
guide (140);

wherein each one of: the first taper (121), the second taper
(131) and the third taper (141), respectively, comprise:

a waveguide with variable width, and

sections of core material (210) and sections of cladding
material (230) arranged in an alternating and periodic
way.

8. The polarisation splitter according to claim 7, charac-
terised in that the first taper (121), the second taper (131), the
third taper (141). respectively, comprise a central bridge
made of core material (210) that joins the sections of core
material (210), the width of each central bridge being
inversely proportional to the width of the respective taper
(121, 131. 141).
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9. The polarisation splitter according to any one of the
claim 7 or 8. characterised in that the sections of core
material (210) of the first taper (121), the second taper (131)
and the third taper (141) are adapted to rotate from a plane
perpendicular to the input waveguide (120), the first output
waveguide (130) and the second output waveguide (140), to
an angle (), said angle () being greater than zero.

10. The polarisation splitter according to any one of the
preceding claims, characterised in that the anisotropic region
of the multimode interference coupler (110) has constant
geometric properties throughout the length thereof.

11. The polarisation splitter according to any one of
claims 1 to 10, characterised in that the anisotropic region of
the multimode interference coupler (110) comprises a vari-
able geometry throughout the length thereof.

12. The polarisation splitter according to any one of the
preceding claims, characterised in that at least one wave-
guide selected among: the input waveguide (120), the first
output waveguide (130) and the second output waveguide
(140) is arranged with an angle different than 90° in an
interface with the multimode interference coupler (110).

13. The polarisation splitter according to any one of the
preceding claims, characterised in that the core material
(210) is silicon.

14. The polarisation splitter according to claim 13, char-
acterised in that the core material (210) is arranged on an
insulator layer.
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