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DESCRIPTION

Description

[0001] The invention concerns microstructured multicore optical fibre (MMOF) and a device for
independent addressing of the cores of microstructured multicore optical fibre.

[0002] The introduction of optical fibres to telecommunication systems has brought about a
considerable increase in the effectiveness of information transfer. Because of the rapid growth
of demand for ultra high capacity level of transmission channels, amounting to 10 Tbit/s per
one optical fibre, a kind of breakthrough seems necessary to replace traditional, currently used
single mode optical fibres. The to-date's techniques of multiplexing e.g. in the domains of time,
wavelength, polarisation and other are simply unsatisfactory to meet the expotential increase
of the needs for transmission band. A solution is brought by the space-division multiplexing
(SDM) technique, using multicore optical fibres. SDM has been implemented in multicore
optical fibres with separated cores, used as separate transmission channels. One of SDM
types is mode-division multiplexing (MDM), i.e., the application of optical fibre structure with
coupled cores, in which multimode propagation occurs and where each mode represents a
separate transmission channel. Nevertheless, unknown remain effective techniques of
addressing modes in case of mode-division multiplexing.

[0003] The space-division multiplexing techniques may be used together with other techniques
of multiplexing, e.g., Wavelength Division Multiplexing (WDM), the Frequency Division
Multiplexing (FDM) and other techniques, what leads to still further capacity increase.

[0004] The basic requirement for transmission with the use of multicore optical fibres and SDM
is a limitation of crosstalks between cores - the users of one transmission channel must not
feel the presence of other users, sharing the transmission medium. Other requirements
towards commercially cost-effective transmission with the use of SDM is a design of such
optical fibre, the parameters of which are in conformity with the actual transmission systems.
Such parameters include: geometrical dimensions of optical fibre (a possibility to achieve the
same core diameter and/or optical multicore fibre diameter as that of standard, single-mode
optical fibre), dispersion (including dispersion zero wavelength (ZDW) and dispersion slope in
ZDW), transmission losses, bending losses, polarisation dependent losses, cut-off wavelength
and nonlinearity. It is also necessary to ensure an acceptable level of crosstalks at bending and
dispersion at bending.

[0005] In order to reduce crosstalks, the cores in multicore optical fibre have to be properly
insulated. A few approaches to core insulation and, in effect, to crosstalk reduction have
already been known, including: decreased the overlap of the adjacent modes by increasing the
space between cores, the fabrication of heterogeneous cores with modified refraction indices
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or diameters and the use of structure with a changed refraction index profile around cores.
Combinations of the three above-mentioned approaches are also possible. The increase of
space between cores necessitates wide spreading of the cores to achieve the acceptable
crosstalk level; thus, it precludes high density of channels in such a fibre. The concept of
heterogeneous cores has originated from the observation that if cores of a multicore optical
fibore have not very different indices of refraction or diameters, then the crosstalk levels
between such cores considerably diminish. The designs of such optical fibres require then a
thorough analysis of the minimal number of various cores which will ensure the satisfactory
crosstalk level and channel density. In case of the two above-mentioned methods - spreading
of cores and the use of heterogeneous cores - there is a problem of high bending losses, as
well as higher crosstalk levels at bendings. The application of structure with modified refraction
index around the core (trench-assisted fibres) provides partial reduction of the problems with
bending losses, crosstalks at bendings and, in general, reduces crosstalk levels.

[0006] Another aspect in designing transmission systems with the use of SDM is the necessity
to develop a method of connecting the cores of multicore optical fibre with standard, single-
mode optical fibre in order to integrate the multicore optical fibre with the actual systems,
including the possibility of signal input/output to/from particular cores. Further on, it should be
attempted to make use of as many as possible of the already existing elements and
technologies in the planned transmission system, making the process of implementation of
these new transmission systems as cost-effective and not spread over time as possible.

[0007] The structures with trench-assisted fibres have been known from the literature - among
others, from the article "Reduction of Crosstalk by Trench-Assisted Multi-Core Fiber"
OSA/OFC/NFOEC 2011. Core insulation was achieved by the application of a layer with
reduced refraction index around the cores, while additionally, in order to reduce crosstalk
levels, heterogeneous cores are also used.

[0008] In turn, in the article "Multi-Core Hole-Assisted Fibers for High Core Density Space
Division Multiplexing" from the Conference on Optoelectronics and telecommunications -
OECC 2010, an optical fibre is presented, in which the cores are insulated by means of six air
holes around each core. However, the insulation is not satisfactory in this case to reduce
crosstalks without considerable spreading of cores. In order to achieve the beat length at the
level above 1 km in the proposed solution, it is not possible to obtain a single-mode operation
of the optical fibre at the lattice constant (the distances between the centres of adjacent holes)
below 10 uym, while the cores have then to be spread to a distance equal to the quadruple of
the lattice constant. Optical fibres of this type are called "hole-assisted fibres". In the classical,
microstructured optical fibres, air holes actively participate in light propagation, and the effect
of propagation is guaranteed just because of their presence which causes light entrapment
within the core. In optical fibres of the "hole-assisted" type, the applied microstructure has
mainly to insulate the cores from one another in such a way a to prevent crosstalks among
them. As a rule, in the "hole-assisted" fibres, a doped core is applied at the centre of the
microstructure, allowing for light propagation by the same principle as in standard, single-mode
optical fibres, however, with one advantage that the holes reduce crosstalks between cores but
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do not significantly participate in the mechanism of propagation.

[0009] From the description of US 2013/0209106 patent, a system of optical transmission is
known, multicore optical fibre and the fabrication method of this fibre. In the system of
transmission, according to the application for the invention, a series of wavelengths is
simultaneously introduced into the adjacent cores of multicore optical fibre, thus a system of
spatial multiplexing is used, simultaneously with the wavelength division multiplexing system.
Cores in the optical fibre are surrounded by two rings of holes. In case of an optical fibre in
version with fixed core (classical microstructured optical fibre), light propagation within the core
is guaranteed by the presence of air holes. In another variant, presented in the description of
this solution, in which, at the central are, there is also a hole, a propagation mechanism occurs,
associated with the existence of a photonic band gap. In the optical fibre, according to that
description, it is not planned to give up the ring of holes, closest to the core.

[0010] In turn, the description of invention No. US2013064543 discloses a design of the optical
fibre in which the cladding has got many holes, fabricated in the nodes of the hexagonal lattice.
The optical fibre according to the invention is characterised by bending losses below 5 dB/m
with the bending radius of 20 mm. The optical fibre according to the invention is a
microstructured optical fibre, in which the structure of holes ensures light propagation. In order
to achieve high coupling value, it is necessary to apply a significant number of air layers
between cores, what reduces the achieved number of channels. A configuration of optical fibre
orientation has also been disclosed in the description; in that configuration, a shift of one core
was applied. Such a configuration precludes the participation of this (shifted) core in
propagation. In the transmission system, according the discusses description, it is necessary to
apply an additional element, generating stress, resulting from bending, transverse stress or
both types of stress together in order to suppress the interferences between the cores.

[0011] In turn, the US 20110279888 patent description discloses also the method of pumping
with the use of a tapered optical fibre coupler, in which frontal pumping is used and in such a
way that one of the optical fibres from the fibre bundle, connected with the multicore optical
fibre, is replaced by an optical fibre which delivers signal from the pump. A system of data
transmission, according to EP 2336813, has also been disclosed, in which the coupling among
the cores of a multicore optical fibre is used for data transmission supported by modes’
coupling, while the cores are not insulated.

[0012] A multicore optical fibre and the layout of cores, according to EP 2610656, has also
been disclosed, in which configuration, a multicore fibre contains many single cores, located
pointwise at nodes of the hexagonal lattice. Whereby, there are, at least, two types of cores
with different profiles of the refraction index.

[0013] Among the most pressing problems with the SMD using systems, there is the problem
with crosstalk reduction between adjacent transmission channels and the issue of achieving as
small as possible bending losses, the reduction which would facilitate the installation of optical
fibre cables.
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[0014] Publication WO2006100488A1 discloses hexagonal structures and that for maximum
isolation between cores, single mode transmission is desirable, which limits a number of cores
in single fibre.

[0015] The goal of the present invention is providing an optical fibre structure with reduced
crosstalks but preserving other parameters such as transmission losses, bending losses,
polarization dependent losses, dispersion, the cut-off wavelength, non-linearity and
geometrical parameters as close as possible to parameters of standard single mode optical
fibres. Simultaneously, the goal of the present invention is to provide a structure, in which, the
parameters, including crosstalks, dispersion, cut-off wavelength, do not change in any
unacceptable way at bending points. Additionally, the goal of the invention was a design of a
range of compatible solutions, both passive and active, in which, there is amplification and
design of the fabrication method of a device for connecting multicore optical fibre, according to
the invention, with standard, single-mode optical fibres, which would ensure correct addressing
of particular cores in the multicore optical fibre and reception of signals from particular cores.
The use of particular elements: multicore optical fibres, passive and active, according to the
invention, as well as devices, dedicated to the above-mentioned elements, used to connect the
cores of multicore optical fibres with standard, single-mode optical fibres, will be presented in
examples below. The goal of the invention was a design of such a structure, which can be
fabricated by known and economically justified methods, e.g., the stack-and-draw method.
Moreover, the goal of the invention was such a design of the transmission system components
which would enable to make use of as many as possible devices, already operated in
transmission systems, as well as of disclosed technologies, e.g., EDFA amplifiers and pumping
technologies.

[0016] The microstructured multicore optical fibore (MMOF) and a device for independent
addressing of the cores of microstructured multicore optical fibre according to the invention
ensure significantly higher capacity level and no crosstalks with a simultaneous optimization of
transmission losses and reduction of bending losses, when compared with standard, single-
mode optical fibre.

[0017] In the multicore optical fibre, according to the invention as deifned by claim 1, spatial
signal

multiplication is possible by means of the insulated cores. The term "insulated cores” shall be
understood as a situation, in which the crosstalks between the cores remain at a minimal,
acceptable level. Core insulation is facilitated by the character of the optical fibre
microstructure, i.e. such, in which cores in the optical fibre, according to the invention, are
separated from one another by spaces with reduced refraction index vs. the refraction index of
the cladding, which may demonstrate e.g. the form of holes filled with gas, preferably with the
air or a fluid or a polymer or spaces of another glass with doping allowing to reduce refractive
index. Moreover, it is possible to use the multicore optical fibre, according to this invention, in
non-telecommunication applications, e.g., sensor applications.
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[0018] The microstructured multicore optical fibre, according to this invention, can be
perceived as the area of microstructure, in which at least two basic cells are embedded, where
each of them contains a core fabricated of glass, specifically including doped silica glass, or of
polymer, together with the surrounding it longitudinal areas with lower refraction index vs. that
of the cladding, which areas may adopt the shape of holes, filled with gas, preferably with the
air or a fluid or a polymer or spaces of another glass with doping allowing to reduce refractive
index (further referred to as holes), embedded in a matrix of glass, specifically including silica
glass or polymer. The refraction index of the holes is decreased vs. that of the matrix of glass,
specifically including silica glass or polymer. The basic cell is characterised by the diameter of
D2 core, the diameter of D3 core and the distance between adjacent holes, corresponding to
lattice constant A. The centres of the holes are localised on the vertices and the middle points
of the sides of the hexagon, the centre of which is designated by the core; the length of side ¢
of the hexagon, created by the centres of holes, is equal to the preferably doubled lattice
constant A. The juxtaposed, at least, two basic cells are surrounded by the cladding, preferably
fabricated of glass, specifically silica glass or polymer.

[0019] The area outside of the core and inside of the surrounding holes is fabricated
preferably of glass, specifically silica glass or polymer and makes an internal cladding. The
area, fabricated by the holes, constitutes an internal microstructured cladding. The area
outside of the internal microstructured claddings of the basic cells is fabricated by the outer
claddings, while the area, at which the cores are located, as well as the internal claddings and
the internal microstructured claddings, jointly constitute the area of microstructure.

[0020] The first basic cell of the structure is preferably located at the geometrical centre of the
multicore optical fibre, while the other basic cells adhere to the first basic cell with their sides or
vertices. It is beneficial when the other basic cells, mutually juxtaposed, possess common, core
surrounding holes.

[0021] In case, when the first basic cell is not located at the geometric centre of the multicore
optical fibre, it is beneficial if the geometric centre of gravity of the microstructure area is
localised at the geometric centre of the multicore optical fibre, according to this invention.

[0022] The D1 diameter of the outer cladding of the multicore optical fibre is freely selected,
depending on the number of the structure filling basic cells, preferably with maintained 30 ym
distance from the outermost hole to the edge of the matrix of silica glass (the edge of the outer
cladding).

[0023] In case of the structure, in which the basic cell is localised at the geometric centre of the
optical fibre, the basic cells, which surround this basic cell, make the, so-called, first ring. The
cores of the first ring rest on the vertices of the hexagon, the side b of which is equal to the
tripled lattice constant, multiplied by a, where a = 2/3-V3 in case, when the basic cells have got
common sides. In case, when the basic cells share vertices, the cores of the first ring rest on
the vertices of the hexagon, the side b of which equals the quadrupled value of the lattice
constant.
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[0024] The subsequent ring of the basic cell cores, is located on the vertices and the middle
points of the sides of the hexagon, the side of which equals the six-fold value of the lattice
constant, multiplied by a, where a=2/3-v3, in case, when the basic cells share sides. In case,
when the basic cells share the vertices, the cores of the first ring are placed on the vertices of
the hexagon, side d of which equals the 8-fold value of the lattice constant.

[0025] For each subsequent ring, multiplier a demonstrates arithmetic growth and, when the
number of rings increases, a dimensional increase of the outer cladding of the multicore optical
fibre should be considered.

[0026] It is beneficial if the difference between the refraction indices of the core material and
the cladding (outer and internal) corresponds to the difference between refraction indices in

the standard, single-mode optical fibre and preferably amounts to A=5.63 10-3+2.9 103 for
light wave length A=1550 nm.

[0027] The adoption of the above-mentioned, prefarable difference between the refraction
indices of the core and the cladding, allows to achieve preferable fibre operations, especially a
7-core fibre, for the lattice constant A equal to (7.8 £ 3.6) uym, fibre core diameters equal to
(0.7 £ 0.46) A, the diameters of holes filled with the air, equal to (0.7 £ 0.3)-A, and the
cladding diameter, equal to A*13+(50+20) um.

[0028] In case of the invention application in the active version, in the course of which, signal
amplification occurs, it is beneficial if the core of the optical fibre, preferably fabricated of silica
glass, is doped with ions of the rare earths, preferably of erbium, preferably at the level from

3:-10"8cm™ to 120-10"8cm™3, whereby, the difference between the refraction indices of the

cores and the cladding amounts preferably to
+1.6:10-2

A - 25 * 10_2 —21-10-2

for the light wavelength of A=1550 nm.

[0029] The adoption of the above-mentioned, active verion, prefarable difference between the
refraction indices of the core and the cladding, allows to achieve preferable fibre operations,
especially a 7-core fibre for the lattice constant A equal to (7.8 £ 3.6) um, fibre core diameters
equal to (0.5 £ 0.46)-A, the diameters of holes filled with the air, equal to (0.6 £ 0.3)-A, and the
cladding diameter, equal to A*13+(50+20) um.

[0030] In particular, when the cladding diameter may freely be increased. Together with the
adoption of another refraction index of the core and the cladding, as well as of another quantity
and arrangement of the cores or the hole filling material, the preferable optical fibre operation
necessitates modification of the geometric parameters.

[0031] In case of the optical fibre application for transmission in the active version, it is
beneficial if the optical fibre microstructure is surrounded with an additional area of holes filled
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with gas, preferably with the air or a fluid or a polymer (further referred to as the holes),
making an additional cladding. The additional area of holes (further referred to as the outer
microstructured cladding) surrounds the microstructure area. The outer microstructured
cladding divides the outer cladding into two areas: the area of the proximal outer cladding,
located between the outer microstructured cladding and the outer holes of the microstructure
area and the area of the distal outer cladding, located outside of the outer microstructured
cladding to the edge of the optical fibre.

[0032] The holes, included in the outer microstructured cladding in the optical fibre with an
additional cladding, are preferably located on the sides and the vertices of the hexagon or on
the circle. Whereby, it is preferable when the diameters of the holes of the outer
microstructured cladding are smaller from the lattice constant A. The holes, included in the
outer microstructured cladding, reveal preferably the circle shape in their cross-section area
and are in a distance of, at least, 30 um, preferably if in case, when the wholes, which
constitute the outer microstructured cladding, are located on the sides and vertices of the
hexagon and the distance among the hole centres of the outer microstructured cladding is
equal to lattice constant A. It is also preferable if - in case of an optical fibre with an additional
cladding, the diameters of the holes, which constitute the internal microstructured cladding, are
decreased vs. the lattice constant, preferably by (20+£15)%.

[0033] It is preferable to facilitate optical fibre cleaving, some, preferably the outermost holes
of the basic cells in the microstructure, are given up and/or hole sizes are differentiated in a
free way. In order to facilitate splicing, it is preferable to use a, so-called, marker in the optical
fibre structure, i.e., for example, an additional hole or holes, which do not affect light guidance.

[0034] The device, addressing cores of the multicore optical fibre, according to the invention,
includes single-core, single-mode optical fibres (further referred to as single-mode optical
fibres), enclosed, preferably in parallel configuration, in a glass or polymer capillary. The
number of single-mode optical fibres corresponds to the number of cores in the multicore
optical fibre. The capillary with single-mode optical fibres is connected from the other side with
multicore optical fibre, preferably with the microstructured optical fibre according to the
invention. The cross-sections of the optical fibres in the capillary are parallel with the cross-
section of the multicore optical fibre.

[0035] In case, when not all cores of the microstructured optical fibre, according to this
invention, are addressed, the single-mode optical fibres in the capillary may be replaced by
glass rods, the diameters of which are equal with the diameters of the single-mode optical
fibres. The number of glass rods in the capillary corresponds to the number of cores in the
multicore optical fibre, which are not connected with the single-mode optical fibres. In another
example of the system fabrication, glass rods provide the filling of the structure of the device
for addressing the cores of the multicore optical fibre according to this invention, when the
number or layout of the cores of the multi-core optical fibre does not constitute the structure of
closed rings around the core of the central multicore optical fibre.
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[0036] A glass or polymer capillary is fabricated of material susceptible to changes of
geometric dimensions under the influence of temperature, associated with longitudinal tension.
The length of the capillary is selected appropriately to the possibility of its mounting on the
device for pulling with simultaneous heating, preferably at the station of processing/connecting
optical fibre elements, based on a filament splicer. It is preferable if the glass capillary is
fabricated of silica, undoped glass.

[0037] The fabrication method of the device for addressing cores consists in:

1. 1. an analysis of the structure of multicore optical fibre and determination of the number
of cores of the multicore optical fibre, the diameter of cores and the distances among
them,

2. 2. measurement of the diameters of the cores and of the claddings of single-mode
optical fibres, with which the multicore optical fibre is connected, and the scale of
tapering of the single-mode optical fibres is deteremined,

3. 3. removal of the cladding of single-mode optical fibres and cleaning their surface,

4. 4. etching, preferably with hydrofluoric acid, the exposed and cleaned fragments of the
single-mode optical fibres, so that after their possible tapering and mutual reassembly,
the alignment of the cores of the multicore optical fibre was possible with the cores of the
single-mode optical fibre,

5. 5. tapering of single-mode optical fibres, according to the calculated scale of tapering,
allowing to achieve the diameters of their cores equal to the dimensions of the diameters
of the cores of the multicore optical fibre (provided its preferable),

6. 6. preparation of a capillary by its tapering to the size, allowing for insertion of single-
mode optical fibres and glass rods, so that the inserted elements had no freedom of
movement or that their movement was limited,

7. 7. laying of single-mode optical fibres and glass rods in the capillary,

8. 8. tapering and clamping of the laid and spliced structure in the capillary by its heating
and tensing, while, if it is necessary, the multicore optical fibre is also tapered,

9. 9. cleaving the capillary with the laid and spliced structure under right angle to the axis of
the longitudinal capillary, preferably with a cleaver for optical fibres with various outer
diameters and internal structures, with a possibility of controlled stretching of the fibre,
preferably the capillary surface is polished, together with structure, laid in the capillary,

10. 10. cleaving the multicore optical fibre and preferably polishing its surface,

11. 11. orientation of the capillary vs. the multicore optical fibre, together with the structure,
laid and welded in its inside,

12. 12. connection of the multicore optical fibre with the capillary and the structure in its
inside by means of any disclosed technology, preferably by splicing.

[0038] The etching process is carried out preferably in temperature of 21°C with the use of
hydrofluoric acid in preferably concentration of approximately 40%.

[0039] It is preferable if the tapering of the capillary and its internal structure was made in such
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a way that the capillary with the laid optical fibres clamped on its internal structure.

[0040] It is preferable if the diameters of single-mode optical fibres are considerably bigger
from the distances among cores of the multicore optical fibre, according to this invention, if the
operations of tapering and etching are changed in the sequence of technological operations.
Depending on the geometry of connected optical fibres, the stages of etching and/or tapering
may be skipped.

[0041] It is preferable if in case, when the cores of the multicore optical fibore have got
diameters, other than the cores of the single-mode optical fibres, the tapering process is
continued to the equalisation of the diameters of the cores of the single-mode optical fibres,
laid as internal structure in the capillary, with the diameters of the cores of the multicore optical
fibre (unless it is geometrically not feasible), then the unequalised diameters are preferably left,
and it is attempted to achieve equal spaces among the cores in connected elements). It is also
preferable if, in case when the diameter of the optical fibre, according to this invention, is larger
than the diameter of the single-mode optical fibres, connected with it, following their tapering in
the capillary, also the optical fibre, according to this invention, is tapered.

[0042] The orientation of the multicore optical fibre and of the structure in the capillary is
preferably carried out in such a way that light is delivered to one of the cores of the multicore
optical fibre, while during splicing, the fabricated, splicedconnection is controlled by checking
what part of power has been transferred to one of the single-mode optical fibres in the
capillary. In another example of the fabrication, light is delivered to one of the single-mode
optical fibres in the capillary, while during splicing, it is checked what part of power has been
transferred to one of the cores in the multicore optical fibre.

[0043] Splicing is carried out with any disclosed glass processor, preferably a glass processing
platform. It is preferable if, for multicore optical fibres with outer diameter not larger than
250um a filament splicer is used, while for larger diameters, it is preferable if splicing is done
on a station for processing/connecting optical fibre elements, based on filament splicer. It is
also preferable to carry out the tapering of single-mode optical fibres, capillaries and capillaries
with laid and spliced internal structures with filament splicer or with an optical fibre
processing/connecting station, based on a filament splicer.

[0044] During splicing, depending on the diameter of the multicore optical fibre and the
capillary geometry, including its internal structure, power of the heating element of the glass
processing platform is selected to the level ensuring durable mechanical connection, with low
optical losses. The settings for particular fibre diameters, concerning the filament power level,
the splicing time, the delay before splicing, the distance of shifting the optical fibres onto one
another and the distances among optical fibres, are experimentally selected before splicing.

[0045] In case of short guidance distances, at which there is no need of signal amplification, a
microstructured, guidance multicore optical fibre, according to this invention, is placed between
two devices for addressing cores, one of which allows to deliver signal with transmitters and
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standard single-mode optical fibres to particular cores, while the second device allows to
receive signals from particular cores and redirect it to receivers via standard single-mode
optical fibres.

[0046] In case of transmission distance, at which signal amplification is necessary, the
transmission system is preferably arranged in the following way. A signal from transmitters is
sent via single-mode optical fibres to the device for addressing cores. Then the signal is guided
via the microstructured fibre, according to the invention. When a distance is achieved, after
which amplification is necessary, also cyclically within one telecommunication line, an
amplifying module is installed. After light amplification with the use of the amplifying module,
the signal is guided farther on via the microstructured multicore optical fibre according to this
invention. Signals from particular cores are directed to single-mode optical fibres with the
device for addressing cores. In this way, the signals are delivered to receivers. The amplifying
module consists of two addressing devices, out of which, one directs signals from particular
cores of the microstructured multicore optical fibre to single-mode optical fibres, while the
second, enables delivery of the signal from optical fibres to the cores of the microstructured
multicore optical fibre. In that module, on the line of signal guidance via single-mode optical
fibres, there is an integrated, optical fibore amplifying element. Such an element may be, for
example, a commercially available erbium-doped fiber amplifier (EDFA).

[0047] There are also possibilities of amplification with the use of microstructured, active
multicore optical fibre, according to the invention, in which an additional cladding has been
applied. Whereby, pumping can be carried out as lateral pumping or pumping from the front of
the microstructured, active multicore optical fibre, according to the invention. The technologies
of lateral and frontal pumping have been disclosed and do not require any modification for the
application in this variant of transmission system. The variant of the transmission system with
direct pumping is characteristic in that the signal from transmitters is guided via standard,
single-mode optical fibres to the device of independent core addressing, according to the
invention. The signal is then guided via the microstructured multicore optical fibre, according to
the invention. In case of signal transmission over a distance, after which signal amplification is
necessary, an amplification module is used (also cyclically within one telecommunication line).
In the amplification module, the microstructured multicore optical fibre, according to this
invention, is connected with the microstructured, active, multicore optical fibre, according to the
invention by means of any disclosed technology. The connection enables pumping of the
microstructured, active, multicore optical fibre, according to the invention in the variant with an
additional cladding by means of disclosed technologies with the use of pumping optical fibre(s).
Then the signal is amplified in the microstructured, active, multicore optical fibre, according to
the invention and with the additional cladding. Then the microstructured, active, multicore
optical fibre, according to the invention becomes spliced to the microstructured multicore
guidance optical fibre, according to the invention. The signal, guided via the optical fibre,
according to the invention, is then directed to the device of independent core addressing, after
which step, signals from particular cores are transmitted via standard optical fibres to
receivers.
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[0048] Also possible is the fabrication of other transmission systems, using the
microstructured, multicore optical fibre, according to the invention as well as the
microstructured, active, multicore optical fibre, according to the invention.

[0049] The microstructured optical fibre, according to the invention, has been presented on the
drawings, where Fig. 1 presents the cross-section of the optical fibre, according to this
invention in a preferable example of fabrication, Fig. 2 presents other, advantageous variants
of layout of the basic cells, Fig. 3 presents the cross-section of the optical fibre in another,
preferable example of fabrication, Fig. 4 and Fig. 5 present the cross section of the optical fibre
in configuration outside of the scope of the present invention,

[0050] Fig. 6 presents the cross-section of the optical fibre in another, preferable example of
fabrication, Fig. 7 presents the optical fibre, according to the invention, with an additional
cladding, Fig. 8 presents the optical fibre, according to the invention, with an additional
cladding in another configuration of the additional cladding, Fig. 9 presents the optical fibre,
according to the invention, with an additional cladding in another configuration of the additional
cladding, Fig. 10 presents the cross-section of single-mode optical fibres, located in the
capillary, Fig. 11 presents a schematic juxtaposition of multicore optical fibre with the capillary,
together with the internal optical fibre structure, Fig. 12 presents a diagram of guidance system
with the use of microstructured multicore optical fibre, according to the invention, in a
preferable example of fabrication, Fig.13 presents a diagram of guidance system with the use
of microstructured multicore optical fibre, according to the invention, in another preferable
example of fabrication, Fig. 14 presents a diagram of guidance system with the use of
microstructured multicore optical fibre, according to the invention, in another preferable
example of fabrication, Fig. 15 presents the optical fibre, according to the invention, with
preferable location of markers (6.1), Fig. 16 presents the optical fibre, according to the
invention, with preferable example of fabrication and with another preferable location of
marker.

Example |

[0051] Microstructured, multicore optical fibre, according to invention and intended for
transmission, further: microstructured multicore guidance optical fibre, according to the
invention, includes an area with microstructure, in which basic cells are embedded, out of
which, each of them includes a core of doped silica glass with surrounding it, longitudinal holes,
filled with the air, (further: the holes), located in the matrix of silica glass.

[0052] The difference between the refraction indices of the core material and the cladding

material (both internal and outer) amounts to A=5.2-10-3+0.5-10"3 for the light wavelength of
A=1550 nm.

[0053] The basic cell is characterised by D2 core diameter, D3 hole diameter and the lattice
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constant A, corresponding to the distance between the centres of adjacent holes. The centres
of the holes are located on the vertices and the middle points of the sides of the hexagon, the
centre of which is designated by the core; the length of side ¢ of the hexagon, made of the
axes of the holes, equals the double value of the lattice constant A. The basic cells, juxtaposed
within the microstructure area, are covered with the outer cladding.

[0054] The first basic cell of the structure is located at the geometric centre of the multicore
optical fibre, while the other basic cells adhere to it with their sides. The other basic cells,
mutually juxtaposed, share the core surrounding holes.

[0055] The basic cells, surrounding the basic cell, located in the geometric centre of the optical
fibre, constitute the, so-called, first ring. The cores of the first ring are located on the vertices of
the hexagon, side b of which equals the tripled value of the lattice constant, multiplied by a,
where a=2/3-v3.

[0056] The geometric parameters of optical fibre are determined in the following way:

« D1 outer diameter of the cladding 4.1 is (146.415) ym;
¢ D2 core diameters 2.1 are (8.2+0.5) uym;

» D3 hole diameters 3.1 are (7.7+0.2) pm;

« The lattice constant A is (8.210.5) ym.

[0057] In this example of fabrication, the diameter of the cores of the multicore optical fibre
equals approximately the diameter of the core of standard single-mode optical fibre.

[0058] The device for addressing cores of microstructured, multicore guidance optical fibre,
according to this invention, includes seven standard single-mode optical fibres, enclosed in the
capillary and connected via the microstructured multicore optical fibre, according to the
invention. The cross-sections of the optical fibres in the capillary are parallel to the cross-
section of multicore optical fibre.

[0059] The capillary is fabricated of material, susceptible to changes of geometric dimensions
under the influence of temperature, combined with longitudinal tension. The capillary is
fabricated of undoped silica glass.

[0060] The method of fabrication of the device for addressing cores consists in:

1. 1. an analysis of the structure of multicore optical fibre and determination of the number
of cores of the multicore optical fibre, the diameter of cores and the distances among
them.

2. 2. measurement of the diameters of the cores S.1 and of the claddings of single-mode
optical fibres S.2, with which the multicore optical fibre is connected, and the scale of
tapering of the single-mode optical fibres is deteremined .
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. 3. removal of the cladding of single-mode optical fibres and cleaning their surface .

. 4. etching, preferably with hydrofluoric acid, the exposed and cleaned fragments of the
single-mode optical fibres, the alignment of the cores of the multicore optical fibre was
possible with the cores of the single-mode optical fibre.

5. 5. tapering of single-mode optical fibres, according to the calculated scale of tapering,
allowing to achieve the diameters of their cores equal to the dimensions of the diameters
of the cores of the multicore optical fibre .

6. 6. preparation of a capillary S.3 by its tapering to the size, allowing for insertion of single-
mode optical fibres and glass rods, so that the inserted elements had no freedom of
movement or that their movement was limited

7. 7. laying of single-mode optical fibres and glass rods in the capillary.

8. 8. tapering and clamping of the laid and spliced structure in the capillary by its heating
and tensing, while the multicore optical fibre is also tapered.

9. 9. cleaving the capillary with the laid and spliced structure under right angle to the axis of
the longitudinal capillary, with a cleaver for optical fibres with various outer diameters
and internal structures, with a possibility of controlled stretching of the fibre.

10. 10. cleaving the multicore optical fibre

11. 11. orientation of the capillary vs. the multicore optical fibre, together with the structure,

laid and welded in its inside

12. 12. connection of the multicore optical fibre with the capillary and the structure in its

inside by splicing.

I

[0061] While connecting the multicore optical fibre with seven cores with standard single-mode
optical fibres (7), it is necessary to determine: the number of cores of the multicore optical
fibre, core diameter of the multicore optical fibre (8.2um), the distance among the cores of the
multicore optical fibre (approx. 28 pm). The diameter of the cladding of single-mode optical
fibre is determined (approx. 125 um), as well as the diameter of the cladding of the multicore
optical fibre (approx. 146 um).

[0062] Etching is carried out at 21°C with the use of hydrofluoric acid in 40% concentration.
The etching rate at, approximately 63 pm/h, allows to achieve the required diameter of single-
mode optical fibre of 28 um within approximately 46 minutes.

[0063] The capillary with initial internal diameter of 200 ym and the outer diameter of 286 ym
is tapered to corresponding diameters of 89 um and 127 ym, respectively.

[0064] The etched single-mode optical fibres are laid in the capillary, tapered to 89um/127 ym
till the moment of laying seven optical fibres in one capillary.

[0065] The tapering of the capillary and its internal structure is performed in such a way that
the capillary, together with the laid optical fibres, clamped on the internal structure. Accordingly,
the capillary is tapered, together with the etched single-mode optical fibres, from the 89/127
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pm size down to the 72 um/103 ym size.

[0066] Since during the tapering process of the capillary and its internal, welded structure, the
optical fibre cores have also decreased their diameter (down to 7 um), as well as the distances
between cores decreased to 24 um, the multicore optical fibre should also be tapered. The
multicore optical fibre is tapered till the core diameters achieve the value of about 7 ym (i.e., to
the cladding diameter of approx. 125 um).

[0067] After the capillary is cleaved, together with the welded in its inside and etched optical
fibres, and after cleaving of the tapered multicore optical fibres, the orientation of the multicore
fibre and of the structure in the capillary is carried out in such a way that light is delivered to
one of the external cores of the multicore optical fibres and, during splicing, is checked what
part of power has transferred to one of the single-mode optical fibres in the capillary.

[0068] The tapering of single-mode optical fibres, capillaries and capillaries with laid and
welded structures, is done by means of a Vtran GPX-3400 filament splicer, used for
processing / connecting of optical fibre elements.

[0069] During splicing, depending on the diameter of the multicore optical fibre and the
geometry of the capillary with its internal structure, the heating power of the glass processing
platform is selected, so that the obtained connection was mechanically durable and with low
optical losses. The pre-set values of the optical fibre element processing/connecting for the
Vytran GPX-3400 glass processing platform are as follows :

Power{Splicing i Delay Distance of the shifting of  {Distance among optical

[W] time [s] jbefore optical fibres on one fibres before splicing
splicing [s] {another [um] [um]

60 7 0.2 14 8

[0070] The way of signal transmission with the use of the microstructured, multicore guidance
optical fibre, according to this invention, using the spatial multiplication, is an alternative for the
disclosed transmission systems. The method of transmission with the use of multicore optical
fibre is such that the microstructured multicore guidance optical fibre, according to this
invention, is used as the main guidance medium. The problem of addressing cores in the
multicore optical fibre is solved with the use of the device and technique for independent
addressing of the cores of the microstructured multicore optical fibre, according to the
invention.

[0071] In case of small transmission distances (see Fig. 12), over which, no need for
amplification occurs, the microstructured multicore guidance optical fibre, according to this
invention, 1 is placed between two devices for addressing cores 3 and 4, out of which, one
allows to deliver signal by means of transmitters 5 and standard single-mode optical fibres 2 to
particular cores, while the second device 4 allows to receive the signal from particular cores
and direct it to receivers 6 via standard single-mode optical fibres 2.
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[0072] When the transmission distance requires signal amplification, it is arranged in the
following way (see Fig. 13). The signal from transmitters 5 is guided via single-mode optical
fibres 2 to core addressing device 3. Then the signal is guided via microstructured optical fibre,
according to the invention 1. On the distance, where amplification is required, an ampilification
module is installed 7, possible for multiple repetition within one telecommunication line. After
light amplification by module 7, the signal is guided farther on via the microstructured multicore
guidance optical fibre, according to this invention. Signals from particular cores are directed to
single mode optical fibres 2 with the use of the core addressing device 4. In this way, the
signals are delivered to receivers 6. The amplifying module 7 consists of two devices for
addressing cores 4' and 3, out of which, the first one 4' directs the signal from particular cores
of the microstructured multicore optical fibre, according to the invention 1 to single-mode
optical fibres 2, while the second one 3' delivers the signal from optical fibres 2 to the cores of
the microstructured multicore optical fibre 1. In the amplifying module 7, on the line of signal
guidance via single-mode optical fibres 2, there is an integrated, optical fibre amplifying
element 8. Such an element 8 may be, for example, a commercially available erbium-doped
fiber amplifier (EDFA).

Example Il

[0073] Microstructured, multicore optical fibre, according to invention includes an area with
microstructure, in which basic cells are embedded, out of which, each of them includes a core
of doped silica glass with surrounding it, longitudinal holes, filled with the air, (further: the
holes), located in the matrix of silica glass.

[0074] The difference between the refraction indices of the core material and the cladding

material (both internal and outer) amounts to A=5.2-10-3+0.5-1073 for the light wavelength of
A=1550 nm.

[0075] The basic cell is characterised by D2 core diameter, D3 hole diameter and the lattice
constant A, corresponding to the distance between the centres of adjacent holes. The centres
of the holes are located on the vertices and the middle points of the sides of the hexagon, the
center of which is designated by the core; the length of side ¢ of the hexagon, made of the
axes of the holes, equals the double value of the lattice constant A. The basic cells, juxtaposed
within the microstructure area, are covered with the outer cladding.

[0076] The first basic cell of the structure is located at the geometric centre of the multicore
optical fibre, while the other basic cells adhere to it with their sides. The other basic cells,
mutually juxtaposed, share the core surrounding holes.

[0077] The basic cells, surrounding the basic cell, located in the geometric centre of the optical
fibre, constitute the, so-called, first ring. The cores of the first ring are located on the vertices of
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the hexagon, side b of which equals the tripled value of the lattice constant, multiplied by a,
where a=2/3-v3.

[0078] The geometric parameters of optical fibre are determined in the following way:

D1 outer diameter of the cladding 4.1 is (12545) ym;
D2 core diameters 2.1 are (7£0.5) ym;

D3 hole diameters 3.1 are (6.6+0.2) um;

The lattice constant A is (7£0.5) ym

[0079] In the example of fabrication, the diameter of the cladding of the multicore fibre equals
approximately the cladding diameter of standard single-mode optical fibre.

[0080] The microstructured active multicore optical fibre, according to the invention, includes
an area of microstructure within which basic cells are located, each of them with a core of silica
glass, together with the surrounding it twelve longitudinal holes filled with the air, further: the
holes, located in the matrix of silica glass. The difference between the refraction indices of the

core material and the cladding material (internal and outer) is 2.5-1072+0.5-1072 for the light
wavelength of A=1550 nm. Whereby, the core is dopped with erbium, at the level from approx.

20-10"8/cm™3 to approx. 100-10"8cm3.

[0081] The basic cell is characterised by D2 core diameter, D3 hole diameter and the distance
between the holes, corresponding to the lattice constant A.

[0082] The centres of the holes are localised on the vertices and the middle points of the sides
of the hexagon, the centre of which is designated by the core; the length of side c of the
hexagon, created by the axes of holes, is equal to the doubled lattice constant A. The basic
cells, located within the area of microstructure, are surrounded by the outer cladding.

[0083] The first basic cell of the structure is preferably located at the geometrical centre of the
multicore optical fibre, while the other basic cells adhere to the first basic cell with their sides or
vertices. The other basic cells, mutually juxtaposed, possess common, core surrounding holes.

[0084] The basic cells, surrounding the basic cell, located at the geometric centre of the optical
fibre, constitute the, so-called, first ring. The cores of the first ring are located on the vertices of
the hexagon, side b of which equals the tripled value of the lattice constant, multiplied by a,
where a=2/3-v3.

[0085] The optical fibre, according to the invention, has got an additional cladding by locating
an additional group of holes around the area of the microstructure, made by the basic cells.

[0086] The holes, being part of the outer microstructured cladding in the optical fibre with an
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additional cladding are located on the circle with D4 radius. Whereby, it is preferable D5 hole
diameters of the outer microstructured cladding are lower in size from the network constant A.
The holes in the outer microstructured cladding demonstrated the circle shape of the their
cross-section and are located in a distance from the fibre edge of, at least, 30um.

[0087] The dimensions of the seven-core optical fibre with an additional cladding are as
follows:

» D1 outer diameter of the cladding 4.1 is (151£5) um,;

» D2 core diameters 2.1 are (2.9£0.5) uym;

¢ D3 hole diameters 3.1 are (5.5+0.5) ym;

» The lattice constant Ais (7£0.5) um

* D4 radius of the additional cladding (90£2) um;

e D5 diameters of the holes 5.1 making the additional cladding (6+0,5) um.

[0088] The device for core addressing of the microstructured multicore optical fibre, according
to the invention has got seven, placed in the capillary, standard single-mode optical fibres,
connected with the microstructured multicore optical fibre, according to the invention. The
cross-sections of the optical fibres in the capillary are parallel with the cross-section of the
multicore optical fibre.

[0089] The capillary is fabricated of material susceptible to changes of geometric dimensions
under the influence of temperature, associated with longitudinal tension. The capillary is
fabricated of undoped silica glass.

[0090] The method of fabrication the core ad dressing device (the 1-12 sequence of actions) is
identical with that in Example I).While connecting the multicore optical fibre with seven cores
with standard single-mode optical fibres, the following parameters are defined: | the number of
cores of the multicore optical fibre (7), core diameter of the multicore optical fibre (7um), the
distance among the cores of the multicore optical fibre (approx. 24 ym). The diameter of the
cladding of single-mode optical fibre is determined (approx. 125 ym), as well as the diameter
of the cladding of the multicore optical fibre (approx. 125 ym).

[0091] Etching is carried out at 21°C with the use of hydrofluoric acid in 20% concentration.
The etching rate at, approximately 15 pm/h, allows to achieve the required diameter of single-
mode optical fibre of 28 um within approximately 158 minutes.

[0092] The capillary with initial internal diameter of 200 ym and the outer diameter of 286 ym
is tapered to corresponding diameters of 89 um and 127 ym, respectively.

[0093] The etched single-mode optical fibres are laid in the capillary, tapered to 89 uym/ 127
pm till the moment of laying seven optical fibres in one capillary
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[0094] The tapering of the capillary and its internal structure is performed in such a way that
the capillary, together with the laid optical fibres, clamped on the internal structure. Accordingly,
the capillary is tapered, together with the etched single-mode optical fibres, from the 89/127
pm size down to the 72 um/103 ym size.

[0095] After the capillary is cleaved, together with the welded in its inside and etched optical
fibres, and after cutting of the tapered multicore optical fibres, the orientation of the multicore
fibre and of the structure in the capillary is carried out in such a way that light is delivered to
one of the external cores of the multicore optical fibres and, during splicing, is checked what
part of power has transferred to one of the single-mode optical fibres in the capillary.

[0096] The tapering of single-mode optical fibres, capillaries and capillaries with laid and
welded structures, is done by means of a Vtran GPX-3400 filament splicer, used for
processing / connecting of optical fibre elements.

[0097] During splicing, depending on the diameter of the multicore optical fibre and the
geometry of the capillary with its internal structure, the heating power of the glass processing
platform is selected, so that the obtained connection was mechanically durable and with low
optical losses. The pre-set values of the optical fibre element processing/connecting for the
Vytran GPX-3400 filament splicer are as follows :

Power{Splicing { Delay Distance of the shifting of  {Distance among optical

[W] time [s] {before optical fibres on one fibres before splicing
splicing [s] ianother [um] [um]

58 7 0,2 14 8

[0098] The way of signal transmission with the use of the microstructured, multicore guidance
optical fibre, according to this invention, using the spatial multiplication, is an alternative for the
disclosed transmission systems. The method of transmission with the use of multicore optical
fibre is such that the microstructured multicore guidance optical fibre, according to this
invention, is used as the main guidance medium. The problem of addressing cores in the
multicore optical fibre is solved with the use of the device and technique for independent
addressing of the cores of the microstructured multicore optical fibre, according to the
invention.

[0099] When the transmission distance requires signal amplification, it is arranged in the
following way (see Fig. 14).

[0100] During transmission, pumping takes place directly to the microstructured, active,
multicore optical fibre, according to the invention in the variant with additional cladding.
Whereby, pumping can be carried out as lateral pumping or pumping from the front of the
microstructured, active multicore optical fibre, according to the invention in the variant with
additional cladding The technologies of lateral and frontal pumping have been disclosed and
do not require any modification for the application in this variant of guidance system. The
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variant of the guidance system with direct pumping is characteristic in that the signal from
transmitters 5 is guided via standard, single-mode optical fibres 2 to the device of independent
core addressing 3, according to the invention. The signal is then guided via the microstructured
multicore optical fibre, according to the invention 1.

[0101] In case of signal transmission over a distance, after which signal amplification is
necessary, an amplification module 7 is used (also cyclically within one telecommunication
line). Within element 9, pumping takes place into the microstructured active multicore optical
fibre, according to the invention, in the variant with an additional cladding 1', disclosed
technologies with the use of pumping optical fibre(s) 10 and the spliced connection of optical
fibre 1' with the transmission optical fibre 1. Specifically, the side from which the active fibre is
pumped, is not important for the functional essence of the invention. The signal is amplified in
the microstructured, active, multicore optical fibre, according to the invention, in the variant with
additional cladding1'; this optical fibre is connected via the spliced connection 11 with the
microstructured, multicore optical fibre, according to the invention 1. The signal, guided via the
optical fibre 1 is then directed to the device of independent core addressing, according to the
invention 4, after which step, signals from particular cores are transmitted via standard optical
fibres 2 to receivers 6.
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Patentkrav

1. En mikrostruktureret flerkernet optisk fiber, egnet til fremstilling ved hjeelp af en
stack-and-draw-metode, omfattende

en kappe (4.1), som omslutter et mikrostruktureret omrade fremstillet af glas, saerligt
dopet silikaglas, eller af en polymer, hvori mindst to basisceller er indlejret,

hvor hver af de naevnte basisceller omfatter en kerne (2.1) og langsgaende omrader
(3.1), indlejret i en matrix af glas, seerligt dopet silikaglas, eller af en polymer, som
omgiver kernen (2.1),

hvor

de naevnte langsgaende omrader (3.1) har et brydningsindeks, der er lavere end
kappens brydningsindeks,

hver basiscelle omfatter tolv langsgaende omrader (3.1),

anbragt i en afstand svarende til en gitterkonstant A, og placeret pa hjerner og
midtpunkter af siderne i en sekskant, hvis sider har en leengde svarende til det
dobbelte af gitterkonstanten 2A, og hvis centrum sammenfalder med kernens (2.1)
centrum,

saledes at de tolv langsgaende omrader (3.1) omslutter kernen (2.1) samt en
indvendig kappe fremstillet af glas, seerligt dopet silikaglas, eller polymer,

for at sikre enkeltmodedrift ved 1550 nm,

hvor de naevnte mindst to basisceller er anbragt side om side, saledes at de deler de
langsgaende omrader (3.1), der er placeret pa hjarnerne eller midtpunkterne af
sekskanternes sider,

saledes at afstanden mellem kernerne (2.1) i tilstadende basisceller henholdsvis er

lig med 4 A eller 2\/§ A.

2. Mikrostruktureret flerkernet optisk fiber ifglge krav 1, karakteriseret ved, at
forskellen mellem brydningsindeksene for kernens (2.1) materiale og kappens (4.1)
materiale er A = 5,63 - 1072 £ 2,9 - 1072 ved en bglgeleengde pa 1550 nm.

3. Mikrostruktureret flerkernet optisk fiber ifolge krav 1 eller 2, karakteriseret ved, at
fiberen omfatter 7 basisceller, hvoraf én er placeret centralt og seks er anbragt
omkring denne.
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4. Mikrostruktureret flerkernet optisk fiber ifalge et hvilket som helst af de foregaende
krav, karakteriseret ved, at gitterkonstanten A har en veerdi inden for omradet 7,8
3,6 um, at kernediameteren (2.1) er i omradet (0,7 + 0,46)-A, at diametrene af de
langsgaende omrader (3.1) er i omradet (0,7 £ 0,3)-A, og at kappe-diameteren (4.1)
er i omradet A-13 + (50 £ 20) um.

5. Mikrostruktureret flerkernet optisk fiber ifglge krav 1, karakteriseret ved, at
kernerne (2.1) er dopet med sjeeldne jordartsioner.

6. Mikrostruktureret flerkernet optisk fiber ifglge krav 5, karakteriseret ved, at
kernerne (2.1) er dopet med erbium i en koncentration fra 3 - 10"®* cm™3 til 120 - 10
cm™3, og at forskellen mellem brydningsindeksene for kernematerialet (2.1) og
kappematerialet (4.1) ligger inden for intervallet
Ae(25-102-21-10225-102+1,6 - 1072 ved en boalgeleengde A = 1550 nm.

7. Mikrostruktureret flerkernet optisk fiber ifolge krav 5 eller 6, karakteriseret ved, at
gitterkonstanten A har en vaerdi i omradet 7,8 = 3,6 um, at kernediameteren (2.1) er i
omradet (0,5 + 0,46)-A, at de langsgaende omrader (3.1) er lufthuller med diametre i
omradet (0,6 + 0,3)-A, og at kappe-diameteren (4.1) er i omradet A-13 + (50 + 20)
Jm.

8. Mikrostruktureret flerkernet optisk fiber ifglge et hvilket som helst af kravene 1-7,
karakteriseret ved, at den omfatter en anordning til adressering af kernerne (2.1),
omfattende enkeltkernede enkeltmodede optiske fibre, anbragt parallelt i en kapilleer
(S.3), forbundet til en ende af den mikrostrukturerede flerkernede optiske fiber,

hvor de enkeltkernede enkeltmodede optiske fibre ved deres ender har

fiernede kapper og tilpassede kerner, som er getset og afsmalnede,

saledes at kernediameterne svarer til diameterne af kernerne (2.1) i den
mikrostrukturerede flerkernede optiske fiber og er anbragt i justering hermed.
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