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DESCRIPTION

[0001] The present invention relates to the field of transmission by optical fibres, and more
specifically, to a multimode optical fibre for high-bandwidth applications.

[0002] An optical fibre is conventionally composed of an optical core having the function of
transmitting and optionally amplifying an optical signal, and an optical cladding having the
function of confining the optical signal within the optical core. To this end, the refractive indices
of the core n¢ and of the cladding ng are such that nc>ng.

[0003] The refractive index profile denotes the graph of the function which associates the
refractive index with the radius of the fibre. The distance to the centre of the fibre is
conventionally shown on the x-axis, and the difference between the refractive index at that
specific distance and the refractive index of the fibre cladding on the y-axis. Generally, the
refractive index profile is qualified according to its appearance. Thus the refractive index profile
is described in terms of a "step”, "trapezium", "triangle”, or "alpha" for graphs which have step,
trapezium, triangle, or graded shapes respectively. These curves are representative of the
theoretical or set profile of the fibre, while the manufacturing constraints of the fibre may result
in a slightly different profile.

[0004] Two main types of optical fibres exist, viz. multimode fibres and single mode fibres. In a
multimode fibre, for a given wavelength, several optical modes are propagated simultaneously
along the fibre, whereas in a single mode fibre the modes of a higher order are strongly
attenuated. The typical diameter of a single mode or multimode optical fibre is 125 um. The
core of a multimode fibre typically has a diameter of 50 ym or 62.5 ym, whereas the core of a
single-mode fibre generally has a diameter of approximately 6 ym to 9 yum. The multimode
systems are less expensive than the single mode systems, since the sources, the connectors,
and maintenance, have a lower cost.

[0005] Multimode fibres are commonly used for short-distance applications, such as local
networks or LAN (local area network), requiring a broad bandwidth. Multimode fibres have
been the subject of an international standardization under the ITU-T G.651.1 standard which
defines the particular criteria of the bandwidth, the numerical aperture (defined as the square
root of the difference between the squared maximum refractive index of the core index profile,
and the squared refractive index of the cladding), and the core diameter, for the purpose of
compatibility between fibres. In addition, the OM3 standard has been adopted in order to
satisfy high-bandwidth applications (i.e. a data rate higher than 1GbE) over long distances (i.e.
a distance of higher than 300 m). With the development of high-bandwidth applications the
average core diameter for multimode fibres has been reduced from 62.5 ym to 50 ym.

[0006] A fibre must have the broadest possible bandwidth for it to be useable in a high-
bandwidth application. The bandwidth of a fiber is characterized for a given wavelength in
several different ways, which will be explained hereafter. A distinction is made between the
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bandwidth in the so-called OFL or "overfilled launch" condition, and the so-called EMB or
"Effective Modal Bandwidth” condition. The acquisition of the OFL bandwidth assumes the use
of a light source exhibiting uniform excitation over the entire radial surface of the fibre, for
example a laser diode or LED (Light Emitting Diode). However, recently developed light
sources used in high-bandwidth applications, such as VCSELs (Vertical Cavity Surface Emitting
Lasers), exhibit an inhomogeneous excitation over the radial surface of the fibre. For this type
of light source, the OFL bandwidth is less suitable and it is preferable in this case to use the
effective modal bandwidth or EMB condition. The calculated effective bandwidth or EMBc,
estimates the minimum EMB of a multimode fibre independent of the type of VCSEL used. The
EMBc is obtained from a DMD (Dispersion Mode Delay) measurement in a manner known per
se.

[0007] Figure 1 shows a schematic diagram of a DMD measurement according to the criteria
of the FOTP-220 standard as published in its TIA SCFO-6.6 version of 22nd November 2002.
Figure 1 shows a schematic representation of a part of an optical fiber, being an optical core
surrounded by an optical cladding. A DMD graph is obtained by successively injecting into the
multimode fibre a light pulse having a given wavelength Ay with a radial offset between each

successive pulse, and by measuring the delay of each pulse after a given length of fibre L. The
same light pulse is injected with different radial offsets with respect to the centre of the core of
the multimode optical fibre. The injected light pulse with a certain radial offset is depicted in
Figure 1 as a black dot on the optical core of the optical fiber. In order to characterize an
optical fibre with a diameter of 50 ym, the FOTP-220 standard requires 24 individual
measurements to be carried out, each for a different radial offset. From these measurements,
it is possible to deduce the modal dispersion DMD, and the calculated effective modal
bandwidth EMBc in a manner known per se.

[0008] The TIA-492AAAC-A standard specifies the performances required for Ethernet high-
bandwidth transmission network applications over long distances for multimode fibres with a
diameter of 50 ym. The standard OM3 guarantees an EMB higher than or equal to 2000
MHz.km @ 850 nm in order to obtain error-free transmissions for a data rate of 10 Gb/s (10
GbE) up to a distance of 300 m. The standard OM4 should guarantee an EMB higher than or
equal to 4700 MHz.km @ 850 nm in order to obtain error-free transmissions for a data rate of
10 Gb/s (10 GbE) up to a distance of 550 m.

[0009] In a multimode fibre, the bandwidth results from the difference between the propagation
times, or group delay times, of the several modes along the fibre. In particular for the same
propagation medium (i.e. in a step index type multimode fibre), the different modes have group
delay times which are different. This difference in group delay times results in a time lag
between the pulses propagating along different radial directions of the fibre. For example, in
Figure 1, a time lag is observed between the individual pulses, as can be seen in the graph on
the right side of Figure 1, where each trace is an individual pulse and the time in nanoseconds
is plotted on the x-axis for each pulse with the radial offset in micrometers on the y-axis. It is
visible that there is a difference in the peaks meaning a time lag between the individual pulses.
This time lag causes a broadening of the resulting light pulse. This broadening gives the risk of
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this pulse being superimposed onto a following pulse, and therefore the risk of reducing the
data rate, hence the bandwidth, supported by the fibre. The bandwidth is therefore directly
linked to the group delay time of the optical modes propagating in the multimode core of the
fibre. In order to guarantee a broad bandwidth, it is necessary for the group delay times of all
the modes to be identical, i.e. for the intermodal dispersion to be zero, or at least minimized,
for a given wavelength. In order to reduce the intermodal dispersion in a multimode fibre, it has
been proposed to produce graded-index fibres with an "alpha" core profile. Such a fibre has
been used for a number of years and its characteristics have in particular been described in
"Multimode theory of graded-core fibres" by D. Gloge et al., Bell system Technical Journal
1973, pp 1563-1578, and summarized in "Comprehensive theory of dispersion in graded-index
optical fibers" by G. Yabre, Journal of Lightwave Technology, February 2000, Vol. 18, No. 2, pp
166-177.

[0010] A graded-index profile, or alpha-index profile - these two terms are equivalent - can be
defined by a relationship between the index value n at a point as a function of the distance r
from this point to the centre of the fibre according to the following equation:

multimode core;
a, the radius of the multimode core; and

(=)
_ Ny Ty
A=t
2n;
where ng is the minimum index of the multimode core, generally corresponding to the index of

the cladding (most often made of silica).

[0011] A multimode fibre with a graded index therefore has a core profile with a rotational
symmetry such that along any radial direction of the fiber the value of the refractive index
decreases continuously going from the centre of the fibre to its periphery. When a multimode
light signal propagates in such a graded-index core the different optical modes experience a
different propagation medium (due to the different refractive index), which affects their speed
of propagation differently. By adjusting the value of the parameter «a, it is thus possible to
obtain a group delay time which is virtually equal for all the modes and thus a reduced or even
zero intermodal dispersion.

[0012] However, the refractive index profile of the multimode fibre actually produced comprises
a graded-index central core surrounded by an outer cladding of constant index. Thus, the core
of the multimode fibre never corresponds to a perfect alpha profile since the interface of the
core (having an alpha profile) with the outer cladding (having a constant index) interrupts this
alpha profile. This outer optical cladding accelerates the higher-order modes with respect to
the lower-order modes. This phenomenon, known by the expression "cladding effect”, can be
seen in the graph of the DMD measurements presented in Figure 2. It is observed that the
responses acquired for the highest radial positions (i.e. a high radial offset, e.g. above 20
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micrometer) then exhibit multiple pulses. These pulses are due to the fact that the higher-order
modes are accelerated when going through the cladding instead of through the core in which
case these higher-order modes will arrive at a different time than the lower-order modes. The
presence of such multiple pulses is reflected in a temporal broadening of the resulting
response. As a result of this cladding effect the bandwidth is thus reduced.

[0013] In order to achieve the performances laid down by the TIA-492AAAC-A standard, it is
necessary to limit the cladding effect in the fibre.

[0014] The document WO-A-2006/010798 describes a multi-mode optical fibre comprising a
graded-index central core and a depressed trench located at the periphery of the central core.
The graded-index profile of the central core is extended up to the bottom of the depressed
trench (extended depressed gradient core) which is followed by a depression of constant
refractive index. This type of prior art profile is shown in Figure 10C (explained below). The
extended depressed gradient core is considered to be part of the core and the depression of
constant refractive index is considered to be a depressed trench. The extension of the alpha-
index core under the outer optical cladding and up to the bottom of the depressed trench in the
form of the extended depressed gradient core can lead to an increase in the size of the core,
which core then becomes incompatible with the OM3 and OM4 standards explained above.
The extension of the core to negative refractive index values can also cause losses due to the
propagation of leaky modes which are intrinsic to the geometry of a depressed trench.

[0015] WO-A-2009/054715, of the present inventors, discloses a multi-mode optical fiber
comprising a central core having a graded-index profile, and a depressed cladding situated at
the periphery of the central core. This graded-index profile of the core is extended up to the
bottom of the depressed trench followed by a depression of constant index. This type of prior
art profile is shown in Figure 10C (explained below). The extension of the alpha- index core
under the outer optical cladding and up to the bottom of the depressed trench can lead to an
increase in the size of the core. As a result of this, the optical fibre becomes incompatible with
the OM3 and OM4 standards explained above. The extension of the core to negative refractive
index values can also cause losses due to the propagation of leaky modes which are intrinsic
to the geometry of a depressed trench.

[0016] The document US-A-4,339,174 describes a multimode fibre with a core having a
graded-index profile and a reduced cladding effect. However the fibre has a diameter of 60.5
um, and is not optimized for high-bandwidth applications.

[0017] The document US-A-4,184,744 discloses a multi-mode optical fiber comprising a
central core having a graded-index profile and a depressed trench (called intermediate layer)
situated at the periphery of the central core. The thickness of the depressed trench is between
0.1 and 1 times the radius of the core. For a core having a radius of 50 ym the thickness of
the intermediate layer is between 5 and 50 pm.

[0018] The documents US-A-4,229,070 and US-A-4,230,396 describe multimode fibres having
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a graded-index core surrounded by a depressed trench in order to reduce the cladding effect.
However, the fibres described have a diameter of 62.5 ym, and are not suitable for high-
bandwidth applications.

[0019] US20080166094 describes a bend resistant multimode optical fibre comprising a
graded-index core region and a cladding region surrounding and directly adjacent to the core
region, the cladding region comprising a depressed-index annular portion having a depressed
relative refractive index, relative to another portion of the cladding. This configuration does not
allow to reduce the cladding effect sufficiently.

[0020] US-A1-5,115,486 decribes a multimode fibre for transmission of laser radiation with
high output with substantial preservation of the mode structure. The fibre has a graded
refractive index profile. The structure of the fiber consists of a core with a cladding around the
core and a protective sheath around the cladding. The core diameter is between 200 and 800
pm and therefore not suitable for high bandwidth applications.

[0021] A need therefore exists for a multimode fibre having a refractive index profile
comprising a graded-index core as well as a depressed trench, said fiber providing for a
reduced cladding effect in order to allow a high bandwidth for high-bandwidth applications.

[0022] To this end, the invention proposes a multimode optical fibre according to claim 1.

[0023] According to an embodiment the fibre has a bandwidth with a radial offset at 25 ym
(Radial Offset Bandwidth-ROB25) that is higher than 2000 MHz.km.

[0024] According to an embodiment the fibre has a bandwidth with a radial offset at 25 ym that
is higher than 4000 MHz.km.

[0025] According to an embodiment the alpha-index profile of the central core has an alpha
parameter having a value comprised between 1.9 and 2.1.

[0026] According to an embodiment the fibre has a numerical aperture (NA) that is equal to
0.200 £ 0.015.

[0027] According to an embodiment the refractive index difference of the depressed trench
with respect to the outer optical cladding is constant over the entire width of the depressed
trench.

[0028] According to an embodiment the fibre has an overfilled launch (OFL) bandwidth that is
higher than 1500 MHz.km.

[0029] According to an embodiment the fibre has an overfilled launch (OFL) bandwidth that is
higher than 3500 MHz.km.
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[0030] According to an embodiment the fibre has an effective modal bandwidth (EMB) that is
higher than 2000 MHz.km.

[0031] According to an embodiment the fibre has an effective modal bandwidth (EMB) that is
higher than 4000 MHz-km.

[0032] The invention also relates to a multimode optical system according to claim 5.

[0033] According to an embodiment the multimode optical system has a data rate that is
higher than or equal to 10 GbE (Gb/s) up to 100 meter (m).

[0034] According to an embodiment the multimode optical system has a data rate that is
higher than or equal to 10 GbE (Gb/s) up to 300 meter (m).

[0035] Other characteristics and advantages of the present invention will become apparent on
reading the following description of the embodiments of the invention, given by way of example
and with reference to the attached drawings, which show:

Figure 1, already described, a diagram illustrating a DMD measurement;
Figure 2, already described, a graph of DMD measurements;

Figure 3, a graph representing the trend of a Radial Offset Bandwidth (ROB) parameter in
megaherz kilometres as a function of the radial offset in micrometers;

Figure 4, a diagram showing a refractive index profile of a fibre not according to the invention,
by a plot of the refractive index versus the radius of the fiber in micrometers;

Figures 5 to 7, graphs showing measurements of Radial Offset Bandwith with a radial offset of
23 micrometer (ROB23), 24 micrometer (ROB24), and 25 micrometer (ROB25) all in megaherz
kilometres as a function of a parameter of the refractive index profile of the fibre, being the
depth of the depressed trench;

Figure 8, a graph showing the values of an ROB25 parameter in megaherz kilometres on
several fibres according to the prior art and on several fibres according to the invention;

Figure 9, two three dimensional (3D) graphs showing the responses of fibres according to the
prior art and according to the invention for an injection of a light pulse with a radial offset of 25
um (ROB25); fibres according to the prior art are represented in the left graph and fibres
according to the invention in the right graph.

Figure 10, a diagram showing three refractive index profiles by a plot of the refractive index
versus the radius in the fiber. Figure 10A shows a refractive index profile of a fiber not
according to the invention. Figure 10B shows a refractive index profile of a fiber according to
the invention. Figure 10C shows a refractive index profile of a fiber according to the prior art.
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[0036] The fibre of the invention is a multimode fibre comprising a central core of radius rq with

an alpha-index profile with respect to an outer optical cladding which also comprises a
depressed trench situated at the periphery of the central core and having a width w; and an

index difference An¢ with respect to the outer optical cladding, such that the cladding effect is

minimized. The combination of features of the present invention ensures a reduced cladding
effect which makes it possible to achieve an effective modal bandwidth (EMB) greater than
2000 MHz.km, and even greater than 4700 Mhz.km. This is explained in more detail below.

[0037] In order to characterize the cladding effect an ROB (Radial Offset Bandwidth) is
determined. This ROB constitutes a parameter extracted from DMD measurements. The DMD
measurements are obtained for conditions of injection such that the spatial width of the input
pulse is 5 um +/- 0.5 um @ 850 nm, and the distance between the probe fibre (single mode
fibre serving to transmit the pulse to the multimode fibre) and the multimode fibre is less than
10 um. The ROB at a radial offset X, denoted ROBX, is calculated by utilizing the information
contained in the broadening and the deformation of the temporal profile of the output pulse
obtained for an injection at the radial offset X, for a given wavelength Ay (for example 850 nm).

A transfer function H®X) of obtained using a Fourier transform and a pulse deconvolution
corresponds to each radial offset.

"Se(f) is the Fourier transform of the input pulse measured according to the TIA-455-220-A 5.1
Standard,

Ss(f,X) is the Fourier transform of the output pulse corresponding to the X offset launch
measured according to the TIA-455-220-A 5.1 Standard, f is the frequency.

For each offset launch X, a transfer function can be defined as follows:"

[0038] Let S¢(f) is the Fourier transform of the input pulse measured according to the TIA-455-
220-A 5.1 standard. S¢(f, X) is the Fourier transform of the output pulse corresponding to the X
offset launch measured according to the TIA-455-220-A 5.1 Standard, f is the frequency.

[0039] For each offset launch X, a transfer function can be defined as follows:

%o Ss(f.X)
= S.(f)

[0040] ROBX is then the bandwidth at -3dB of the transfer function HX(f), corresponding to the
response of the fibre for an injection at a radial offset of X in the DMD measurements.

[0041] In practice, the bandwidth is calculated for an attenuation of -1.5 dB and then
extrapolated for an attenuation of -3 dB, assuming a Gaussian response, and multiplying by a
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factor V2 (as is also the case for the calculation of the effective bandwidth):

10-log,, (H(X)(,,fi&’ ))= -1.5 ROBX “_“\/Efx

[0042] The graph in Figure 3 shows the ROB as a function of the Radial offset measured at a
wavelength of 850 nm. On the y-axis the ROB value is plotted against the radial offset in
micrometers which is plotted on the x-axis. The ROB in Figure 3 is plotted for fibres with an
alpha-index profile having different values of the alpha parameter (alpha varied between 2.04
and 2.08). It is observed that ROBX depends strongly on the value of the parameter a for a
radial offset r comprised between 0 and approximately 18 um. Meaning that in the window of
radial offset of zero to 18 micrometers the traces for the different alpha values vary significantly
Beyond a radial offset of 18 um (i.e. beyond ROB18), the value of ROBX is less than 2000
MHz.km. After ROB18, the ROBX is then no longer very sensitive to the parameter a (i.e. the
traces for the different alpha values do not vary significantly), and the ROBX essentially
depends on the core-cladding interface. The radius of the central core of these fibers is 25
micrometers and approximately the in the outer 7 micrometers (i.e. between ROB18 and
ROB25) the influence of the alpha profile is strongly reduced and the influence of the
depressed trench and the cladding takes over.

[0043] A fibre not according to the invention has a refractive index profile, as illustrated in
Figure 4 and schematically in Figure 10A, which makes it possible to obtain an ROB25 that is
higher than 2000 MHz.km and even higher than 4000 MHz.km. The fibre according to the
invention comprises an optical core and an outer optical cladding, the optical core comprising
at the centre a central core having a graded-index or alpha-index profile. This central core has
a maximum refractive index at the centre of the central core (where rq is zero) which refractive

index continuously decreases going from the centre of the optical fibre (where rq is zero) to the

periphery of the central core, where the refractive index difference with respect to the outer
optical cladding is at it lowest point, which is zero in the case of the fibre not according to the
invention shown in Figures 4 and 10A. Surrounding the central core is a depressed trench. By
depressed trench in the description and claims of this application is meant the radial portion of
the fibre having a refractive index that is less than the refractive index of the outer optical
cladding ng, i.e. having a negative refractive index. The depressed trench starts at a

substantial vertical decrease in the refractive index.

[0044] In the fibre (shown in Figure 10B) of the present invention the alpha-index profile of the
central core comprises a portion having a negative refractive index value, i.e. the gradex-index
central core "extends” into the depressed trench. The depressed trench starts at a substantial
vertical decrease in the refractive index and the portion of the gradex-index profile having a
negative refractive index is considered to be part of the graded-index central core and not of
the depressed trench.

[0045] Surrounding the depressed trench is the outer optical cladding. In an embodiment of
the present invention the central core is directly surrounded by the depressed trench; and the
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depressed trench is directly surrounded by the outer optical cladding.

[0046] Figure 10C shows an embodiment of the prior art, for example as disclosed WO-A-
2006/010798 and WO-A-2009/054715. This prior art graded-index profile of the core is
extended up to the bottom of the depressed trench followed by a depression of constant index.

[0047] It should be noted that in an embodiment the depressed trench has a constant,
negative refractive index value over the entire width w;. It is however also possible that the
depressed trench consists of two or more depressed sub-trenches each having an
independent constant, negative refractive index value. This embodiment is not shown in the
drawings.

[0048] Typically, the depressed trench according to the present invention has a depth Any, i.e.

a negative refractive index difference with respect to the outer optical cladding. This depth Any

is comprised between -4x10°3 and -1x1073. The significance of this range of values will be
better understood by referring to Figures 5, 6 and 7. Figures 5, 6, and 7 respectively show
measurements of the Radial Offset Bandwidth at radial offsets of 23 micrometer (ROB23), 24
micrometer (ROB24) and 25 micrometer (ROB25). On the y-axis the ROB in megaherz
kilometres is shown and on the x-axis the depth An; of the depressed trench is shown. Figure
5 shows the ROB23 values, Figure 6 shows the ROB24 values and Figure 7 shows the ROB25
values.

[0049] These ROB values are acquired on a fibre for which several parameters have been
varied. The width w; and the depth An; of the depressed trench have been varied,

respectively between 0.4 um and 2 um, and between -8x1073 and -0.5x103. In addition, the
refractive index difference between the end of the alpha-index profile of the central core and
the outer optical cladding has been varied between -0.5x10-3 and 0. In the case of the fibre
shown in Figure 10A this refractive index difference is zero and in the case of the fibre shown

in Figure 10B this refractive index difference is below zero. Moreover, the numerical aperture
has been varied between 0.2 and 0.22.

[0050] It has been found that the depth Any of the depressed trench is the main parameter

which influences the ROB23, ROB24 and ROB25 values. The optimum values for the depth
An; which make it possible to obtain ROB23, ROB24 and ROB25 values that are higher than

2000 MHz.km, whilst complying with the parameter values laid down by the ITU-T G.651.1
standard. Thus, the range of values for the depth Any of the depressed trench (i.e. 0.5 to 2

micrometer) according to the present invention ensure that the cladding effect is well
compensated for by the depressed trench of the inventive fiber.

[0051] The depressed trench has a width wy comprised between 0.5 ym and 2 ym. The width
w; is limited to a value of maximally 2 ym in order to retain a numerical aperture of the fibre
that falls under the ITU-T G.651.1 standard.
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[0052] The central core of the fibre has a radius r{ of 25 pm (i.e. a diameter of 50 pm). The

graded-index profile of the central core has a value for the alpha coefficient that is typical of a
multimode fibre: a is for example comprised between 1.9 and 2.1. The refractive index
difference of the central core with respect to the outer optical cladding has a maximum value

Anq (at the centre of the central core) that is comprised between 11x10°3 and 16x1073.

[0053] The refractive index difference between the end of the graded-index profile of the

central core and the outer optical cladding is comprised between -0.5x103 and 0. If the
refractive index difference between the end of the graded-index profile of the central core and
the outer optical cladding is zero, the graded-index profile of the central core does not extend
below the index level of the outer optical cladding; this is not according to the invention.

[0054] In the invention the refractive index difference between the end of the graded-index
profile of the central core and the outer optical cladding is negative, hence the graded-index
profile of the central core is extended below the refractive index level of the outer optical
cladding. However, the extension of the graded-index profile of the central core does not reach
the bottom of the depressed trench as disclosed in Figure 10C for the prior art fibres. Thus the
losses due to the propagation of intrinsic leaky modes are limited.

[0055] The outer optical cladding is typically made of natural silica for reasons of cost, but it
can also be made of doped silica.

[0056] The advantages of the invention will be more evident by comparing fibres according to
the prior art with fibres according to the invention. Fibres of the prior art and fibres according to
the invention having the same optical parameters except for the depressed trench have been
manufactured. The respective parameters of the depressed trench are shown in the following
table:

Depth An; x 103 Width wy (um)
Prior art 0.8 8
Invention -3 8

[0057] Figure 8 shows values for the Radial Offset Bandwidth at a radial offset of 25
micrometers (ROB25) which are acquired on the fibres according to the prior art and on the
fibres according to the invention, as disclosed in the Table above. It is observed that the
majority of the fibres according to the invention have an ROB25 value that is higher than 2000
MHz.km, approximately 10,000 MHz.km, whilst the fibres according to the prior art have an
ROB25 value of approximately 1000 MHz.km. The fibres according to the invention therefore
have an ROB25 at least twice as high as that of the fibres of the prior art, which is desirable
with respect to the required reduction of the cladding effect mentioned above.
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[0058] Figure 9 shows the response of the fibres described above in the Table according to
the prior art and according to the present invention for an injection of a light pulse at the radial
offset of 25 um. The responses of the fibres according to the prior art and according to the
invention are respectively shown in the graphs on the left side and right side in Figure 9. Each
graph shows on the x-axis, the time scale, on the y-axis the numbers of each of the fibres, and
on the side, the standardized amplitude of the output signal. The vast majority of the
responses of the fibres according to the prior art show multiple pulses, whereas the majority of
the responses of the fibres according to the invention show a single pulse. From this it can be
concluded that the cladding effect is reduced in the fibres according to the present invention
when compared with the fibres according to the prior art.

[0059] By observing Figure 9 in comparison with Figure 8, it emerges that the fibres according
to the invention which have an ROB25 value that is higher than 2000 MHz.km, or even higher
than 4000 MHZ.km, and exhibit a response for a radial offset of 25 ym, in the form of a single
pulse (inventive fibers) instead of multiple pulses (prior art). As a result, the fibres according to
the invention have a smaller cladding effect, which allows a broad bandwidth for high-
bandwidth applications and hence one of the goals of the present invention has been reached.

[0060] The fibre according to the present invention is compatible with the ITU-T G.651.1
standard. It has a central core diameter of 50 ym and a numerical aperture of 0.2 £ 0.015.
It is noted that the graded-index central core does not continue in the depressed trench. This
ensures that the numerical aperture as laid down by the standard is retained and the cladding
effect is attenuated.

[0061] According to an embodiment, the fibre according to the invention complies with the
OM3 standard, namely an effective modal bandwidth EMB greater than 2000 MHz.km with a
modal dispersion less than 0.3 ps/m, and an OFL bandwidth greater than 1500 MHz.km.
According to another embodiment, the fibre according to the invention complies with the OM4
standard, namely an effective modal bandwidth EMB greater than 4700 MHz.km with a modal
dispersion less than 0.14 ps/m, and an OFL bandwidth greater than 3500 Mhz.km.

[0062] The optical fibres may be manufactured by drawing them from final preforms in a
manner known per se.

[0063] A final preform may be manufactured by providing a primary preform manufactured in a
manner known per se with an outer overcladding layer (i.e. the so-called overcladding
process). This outer overcladding layer consists of doped or undoped natural or synthetic silica
glass. Several methods are available for providing the outer overcladding layer.

[0064] In a first method for example, the outer overcladding layer may be provided by
depositing and vitrifying natural or synthetic silica particles on the outer periphery of the
primary preform under the influence of heat. Such a process is known for example from US
5,522,007, US 5,194,714, US 6,269,663 and US 6,202,447.
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[0065] In another example of a method a primary preform may be overcladded using a silica
sleeve tube which may or may not be doped. This sleeve tube may then be collapsed onto the
primary preform.

[0066] In yet a further alternative method an overcladding layer may be applied by means of
an OVD (Outside Vapour Deposition) method wherein first a soot layer is deposited on the
outer perihphery of a primary preform after which said soot layer is vitrified to form glass.

[0067] The primary preforms may be manufactured using known techniques comprising but
not limited to outside vapour deposition techniques such as OVD and VAD (Vapour Axial
Deposition) and inside deposition techniques such as MCVD (Modified Chemical Vapour
Deposition), FCVD (Furnace Chemical Vapour Deposition) and PCVD (Plasma Chemical
Vapour Deposition), wherein glass layers are deposited on the inner surface of a substrate
tube, which is of doped or undoped silica glass.

[0068] In a preferred embodiment the primary preforms are manufactured with the PCVD
process as this proces allows the shape of the gradient refractive index profile of the central
core to be controlled very precisely.

[0069] The depressed trench may be deposited on the inner surface of a substrate tube as
part of the chemical vapour deposition process. In a preferred embodiment however, the
depressed trench is manufactured by either using a fluorine doped substrate tube as the
starting point of the internal deposition process for deposition of the gradient refractive index
central core or the depressed trench is manufactured by sleeving the gradient refractive index
central core produced using an outside deposition process with a fluorine doped silica tube.

[0070] In yet a further embodiment, a primary preform is manufactured with an inside
deposition process wherein a fluorine doped substrate tube is used, the resulting tube
containing the deposited layers may be sleeved by one or more additional fluorine doped silica
tubes so as to increase the thickness of the depressed trench, or to create a depressed trench
having a varying refractive index over the width thereof. Although not required, the one or
more additional sleeve tubes are preferably collapsed onto the primary preform before a
further overcladding step is carried out. This process of sleeving and collapsing is sometimes
referred to as jacketing and may be repeated if so required so as to build several glass layers
on the outside of the primary preform.

[0071] The present invention is not limited to the embodiments described by way of example.
The fibre according to the invention can be installed in numerous transmission systems having
good compatibility with the other fibres of the system. The multimode optical fibre according to
the invention can for example be used in an Ethernet optical system with an improved
bandwidth.
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PATENTKRAYV

1. Optisk multimodefiber, som omfatter en optisk kerne omgivet af en ydre
optisk kappe, hvor den optiske kerne fra midten til periferien omfatter:

- en central kerne med en radius (r1) og en alfa-indeksprofil med hensyn til
den ydre optiske kappe;

- en forsaenket rende placeret ved den centrale kernes periferi med en
bredde (wi) og en brydningsindeksforskel (Ant) med hensyn til den ydre
optiske kappe;

hvor

- den centrale kernes diameter, som er 2 gange r1, har en veerdi pa 50 + 3
Hm;

- den forseenkede rendes bredde (wi) ligger mellem 0,5 mikrometer (um) og
2 mikrometer (um);

- den forsaenkede rendes brydningsindeksforskel (Ant) med hensyn til den

ydre optiske kappe ligger mellem -4x10-° og -1x10°3;

hvor den centrale kerne har en maksimumsveerdi af brydningsindeksforskellen
(An1) med hensyn til den ydre optiske kappe, som ligger mellem 11 * 103 0g 16 *
10 3,

kendetegnet ved, at:

- den centrale kernes alfa-indeksprofil omfatter et afsnit med en negativ
brydningsindeksveerdi, hvor den centrale kerne med gradueret indeks
straekker sig ind i den forsaenkede rende, og udstreekningen af den centrale
kernes profil med gradueret indeks ikke nar bunden af den forssenkede

rende;
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- brydningsindeksforskellen mellem enden af den centrale kernes alfa-

indeksprofil og den ydre optiske kappe ligger mellem -0,5.102 og 0.

2. Fiber ifglge krav 1, hvor den centrale kernes alfa-indeksprofil har en alfa-

5 parameter (a) med en veerdi, som ligger mellem 1,9 og 2,1.

3.  Fiber ifolge et hvilket som helst af de foregdende krav med en numerisk
apertur (NA), som er lig med 0,200 £ 0,015.

10 4.  Fiber ifglge et hvilket som helst af de foregaende krav, hvor den forseenkede
rendes brydningsindeksforskel (Ani) med hensyn til den ydre optiske kappe er
konstant over den forsaenkede rendes samlede bredde (wy).

5. Optisk multimodesystem, som omfatter mindst et afsnit af den optiske

15 multimodefiber ifglge et hvilket som helst af kravene 1 til 4.
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Figurc 7
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