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Description

FIELD OF INVENTION

[0001] The present invention generally relates to the field of fiber optics, and more particularly, to apparatuses, systems,
and methods directed towards improving effective modal bandwidth within a fiber optic communication environment.

BACKGROUND

[0002] The majority of optical channels utilized in premise networks such as local area networks (LAN) or storage
area networks (SAN) utilize intensity modulated lasers, where the transmitters modulate the power or intensity of the
light. Vertical-cavity surface-emitting laser (VCSEL) transceivers widely deployed in data centers are examples of intensity
modulated transceivers, where on-off keying (OOK) is used. VCSEL transceivers have certain advantages including low
cost, high reliability, and low power consumption compared to some other types of lasers used in communication systems.
[0003] Commercially available VCSEL transceivers with emission wavelengths closely centered around 850 nm, typ-
ically 850 nm 6 10 nm, can support data rates up to 10 Gbps and 14.025 Gbps for Ethernet and Fiber Channel applications,
respectively, for channel lengths less than 400m. Moreover, industry standards for SAN operating at 25 Gbps and 28
Gbps over reduced channel lengths are expected to be released in the future. However, there are limitations to increasing
data rates using VCSELs operating at a central wavelength of 850 nm.
[0004] As demand for higher data rates continues to grow, the pursuit of cost effective and efficient methods to increase
transmission capacity are actively underway. The attributes of some of these transmission methods include WDM, spatial
division multiplexing using parallel fiber optics, and advance modulation formats that allow more spectral efficiency than
OOK. However, difficulties still exist when attempting to operate at increased data rates. For example, for the aforemen-
tioned approaches it is challenging to make reliable VCSELs operating in the 850 nm spectral window fast enough to
achieve data rates above 40 Gbps.
[0005] It is known by those skilled in the art that VCSEL modulation rates may be increased via the incorporation of
indium into material composition of the laser quantum well structure. However, so doing results in the increase of the
laser emission wavelength.
[0006] Multimode fibers (MMFs) deployed in data centers and premises networks are currently optimized for a narrow
spectral window around 850 nm, or less commonly around 1300 nm. These laser-optimized MMFs typically have a core
diameter of about 50 mm and modal bandwidth (i.e., EMB) ranging from 2000 MHz·km to at least 4700 MHz·km when
measured at 850 nm.
[0007] An important dispersive phenomenon in an MMF is a result of modal and chromatic dispersion, and can be
described as follows. With respect to chromatic dispersion, a pulse launched into a given mode propagates at a group
velocity of the mode and if the pulse has a finite spectral width, the pulse spreads out in time due to material (or chromatic)
dispersion. Chromatic dispersion is caused by the wavelength dependence of the material refractive index and results
in a difference in propagation speeds for each of the spectral components comprising the transmitted pulse. Chromatic
dispersion increases with spectral width and in high-speed VCSELs, the RMS spectral width can be as broad as 0.65
nm. Consequently, in high-speed VCSEL-MMF channels, the chromatic dispersion can become a significant penalty
limiting the allowable reaches for accurate transmission.
[0008] With respect to modal dispersion, when several mode groups are excited and propagate through the fiber, the
transmitted pulse broadens due to differences in mode group velocities transporting the optical signal. These differences
can be attributed to imperfections in the refractive index profile and/or differences between the ideal and actual operating
wavelength(s) of a transmitter. In laser-optimized fibers the refractive index profile is designed to equalize the mode
group delays (or speeds) for the supported mode groups, thereby reducing modal dispersion and increasing the modal
bandwidth.
[0009] The parameter that describes the refractive index profile is the α-parameter, and the refractive index profile is
often referred to as the α-profile. In general, the refractive index profile is a distribution of refractive indices of materials
within an optical fiber and for the core of an MMF the profile is defined by a function given by: 

where Δ≈ (n1 - n2)/n1, n1 is the refractive index on the axis of the fiber (i.e., at the center of the core), n2 is the refractive
index in the cladding, r is the radial position inside the fiber core, a is the core radius, and α is the exponent parameter
which typically takes a value of ∼ 2 for fibers designed to support operation near 850 nm.
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[0010] From equation (1), one can derive a simplified expression for the relative mode group delay tg as a function of
the wavelength and the α-profile parameters as shown: 

where c is the speed of light in the vacuum, g is the mode group (MG) index (a mode group can comprise those modes
that have nearly equal propagation constants), vg is the number of modes inside the MG that have a propagation constant
larger than βg(v), vT is the total number of modes, N1 is the group refractive index of the core material at r = 0 and, λ is
the optical source wavelength.
[0011] The optimum alpha value αopt that minimize group delay at a single operational wavelength λ and y the profile
dispersion parameter are given by 

where, 

[0012] Using equations (2-4) the peak effective modal bandwidth valued of λp can be approximated to: 

[0013] The modal bandwidth of laser-optimized MMF is characterized by measuring its differential mode delay (DMD)
or effective modal bandwidth; metrics standardized within domestic and international standards organizations and known
to those skilled in the relevant art. The DMD test method describes a procedure for launching a temporally short and
spectrally narrow pulse (reference pulse) from a single-mode fiber (SMF) into the core of an MMF at various radial
offsets. After propagating through the MMF, the pulses are received by a photodetector which captures the MMF core
power. After removal of the reference pulse temporal width, the DMD temporal width can be determined at the 25%
threshold level between the first leading edge and the last trailing edge of all traces encompassed between specified
radial positions. The EMB is estimated by the Fourier domain deconvolution of the input pulse from a weighted sum of
the received signals for each radial offset launch. The set of weight values utilized in the computation can belong to a
set of ten representative VCSELs.
[0014] The relation between modal bandwidth, total bandwidth, and the fiber design parameters can be obtained from
equation (2). In this equation, the magnitude of the term (α - αopt) is proportional to the mode group delays and therefore
inversely related with modal bandwidth. On the other hand the sign of (α - αopt) determines the tilt or slope of the group
delays with increasing radial offsets which is important for the computation of the modal-chromatic dispersion interaction
(MCDI) and total bandwidth when this fiber is utilized with VCSEL based transceivers as described below.
[0015] To illustrate this concept and further clarify the meaning of the DMD slope and sign, consider the two simulated
alpha-profile MMFs shown in Fig. 1. In this figure the horizontal axis is the relative time delays (ps/m) of the excited
radial mode groups measured at the detector. The vertical axis represents the mode group pulse waveform amplitude
for each radial offset of the SMF launch fiber. The lines inside each DMD pulse represent the discrete mode groups of
the fibers, which are identical in both DMD plots (a) and (b). For each DMD plot one can compute a least square error
(LSE) line connecting the pulses’ centroids. The sign of the connecting line slope can be utilized to classify the fibers
as left-shifted (L-MMF) (i.e., negative slope), or right-shifted (R-MMF) (i.e., positive slope). Since the magnitudes of the
slopes of the radial pulse centroids for these two simulated fibers are identical, the DMD and calculated modal bandwidth
(EMB) are the same.
[0016] For the L-MMF (negative DMD slope) higher order modes travel faster than lower order modes as can be
observed from their shorter arrival time to the detector, herein referred to as negative relative group delay. Conversely,
for the R-MMF (positive DMD slope) higher order modes travel slower than lower order modes.
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[0017] In VCSEL-MMF channels the estimation of the total channel bandwidth depends on the interaction of the
spectral dependent coupling of the VCSEL modes to the fiber modes. This coupling produces a mode spectral bias
(MSB), where shorter VCSEL wavelengths tend to couple into higher order fiber modes and longer VCSEL wavelengths
tend to couple into lower order fiber modes. Consequently, the difference in mode group delays is a result of both modal
and chromatic dispersion effects. The effect of MSB on group velocity is summarized Table I:

[0018] In general, MSB leads to MCDI which, depending on the α-profile, can either increase or reduce the total
channel bandwidth. In order to utilize MCDI to increase the channel bandwidth the group velocities of the higher-order
modes (HOMs) must propagate faster than the lower-order modes (LOMs) when measured at the operational wavelength
of the VCSEL based transceiver. This condition produces a DMD profile and slope sign similar to the one shown in Fig.
1 for the L-MMFs. Since HOMs carry the shorter wavelengths of the VCSEL spectrum, it is possible to compensate for
their reduced speed caused by chromatic dispersion effects. When combined with the propagation speed of the LOMs,
the resultant speeds of the modes tend to equalize as they propagate in the MMF. This modal-chromatic dispersion
interaction and compensation has been further detailed in Gholami A., Molin, D., Sillard, P., "Physical Modeling of 10
GbE Optical Communication Systems, " IEEE OSA JLT, 29(1),2011, pp. 115-123; J. Castro, R. Pimpinella, B. Kose,
and B. Lane, "Investigation of the Interaction of Modal and Chromatic Dispersion in VCSEL-MMF Channels," IEEE OSA
JLT, 30(15), pp.2532-2541; R. Pimpinella, J. Castro, B/ Kose, and B. Lane, "Dispersion Compensated Multimode Fiber,"
Proceeding of the 60th IWCS 2011; and J. Castro, R. Pimpinella, B. Kose, and B. Lane, "Mode Partition Noise and
Modal-Chromatic Dispersion Interaction Effects on Random Jitter," IEEE OSA JLT, 31(15), pp.2629-2638, all of which
are incorporated herein by reference in their entirety. A summary of the effect of MSB on channel bandwidth is presented
in Table II:

[0019] By intentionally compensating for modal and chromatic dispersion, benefits in achievable channel reach and
bit error rate (BER) performance in L-MMF compared to R-MMF have been modeled and observed. In MMF channels
using VCSEL based transceiver, it has been shown that MCDI can be used to not only reduce inter-symbol interference
(ISI) penalties but also the mode partition noise (MPN). Conventional industry standard link models predict that MPN
becomes an important penalty for longer reaches or higher data rates. An example of the improvements of BER when
using L-MMF is shown in Fig. 2. In particular, this figure shows measured BER performance of a 10G VCSEL transceiver
with 0.45 nm spectral width using two fibers with the same modal bandwidth of 4550 MHz•km and the same length 550
m but with opposite sign on the group delay slope. The L-MMF is represented by the solid trace. The R-MMF is represented
in the dash trace. Typical gains of 2.5 dB in the optical budget have been observed experimentally with modal-chromatic
dispersion compensated fibers depending on the running applications.
[0020] In MMF channels (such as for example VCSEL-MMF channels) operating at higher speeds, longer wavelengths,
or in coarse-WDM (CWDM) systems, it would be advantageous to preserve the modal-chromatic dispersion compen-
sation properties of current L-MMF. However, in conventional MMFs, the magnitude and sign of the mode group delay
has high dependence on wavelength. Using current OM4 fibers it is not possible to maintain the L-MMF characteristics
for the broad wavelength range required by CWDM. For example, assuming that an EMB of ≈ 4700MHz·km is required
by the application, the fiber behaves as L-MMF only in the spectral window of 815 nm to 850 nm.
[0021] This is further described with reference to Fig. 3 which shows a simulated SiO2 MMF doped with GeO2 (4.5

Table I. MCDI: Effect of MSB in MMF mode speed.

MMF Modes MMF Mode Spectra Spectra Effect on Group 
Velocity

Higher order 
modes

Transport energy of lower regions of the VCSEL spectrum 
(Shorter wavelengths)

Reduced velocity

Lower order 
modes

Transport energy of higher regions of the VCSEL spectrum 
(Longer wavelengths)

Increased velocity

Table II. Effect of mode spectral bias and DMD slope sign on channel bandwidth.

Fiber Without MSB With MSB

L-MMF
HOM propagate faster than 

LOM
Reduced mode group velocity differences between HOMs and 

LOMs. Improved bandwidth

R-MMF
LOM propagate faster than 

HOM
Increased mode group velocity differences between HOMs and 

LOMs. Reduced bandwidth
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mol %) in the core and fluorine (1% WT) in the cladding, where Δ ≈ 0.01 at 850 nm. The utilized α value for this MMF is
2.049 which maximizes the EMB at λp = 850 nm. The profile dispersion parameter and the optimum alpha are computed
using equations (3-4) and are shown, respectively, on the left and right of Fig. 3. As can be seen from the figure, both
of these values decrease monotonically as a function of increasing wavelength. The maximum EMB occurs at λp = 850
nm, where α = αopt. This condition produces the cancellation of the modal dependent terms in equation (2). Therefore,
the group delays are equalized for all mode groups. As the wavelength varies, αopt becomes larger or smaller than α
producing negative or positive group delays as shown in equation (2). Therefore the same MMF can behave as an L-
MMF or an R-MMF depending on relative position of the wavelength with respect to λp. More specifically, for wavelengths
below λp the DMD tilts to the left, as shown on the left side of Fig. 1, and therefore the fiber can be classified as a L-
MMF with modal-chromatic dispersion compensation properties. On the other hand, for wavelengths over λp the DMD
tilts to the right and the fiber becomes a R-MMF, increasing total dispersion and degrading total channel bandwidth.
[0022] Using the mode group delays obtained via equation (2) and assuming the power distribution of the modes for
ten representative VCSELs as described in the known DMD/EMB test standards, it is possible to estimate the EMB as
a function of wavelength as shown in Fig. 4. This model is illustrated for a typical MMF construction with λp = 850 nm
and indicates that L-MMF properties (shaded area) and therefore modal-chromatic compensation can be provided in a
limited spectral width that is less than 40 nm.
[0023] The simulated behavior is consistent with multiple experiments performed using MMFs of different grades:
OM3 and OM4. In these experiments the EMB was measured at different wavelengths ranging from 800 nm to 960 nm,
and the results of these measurements are shown in Fig. 5. In all cases, the L-MMF condition occurs only when the
measured wavelength was below the λp of each fiber (wavelength for peak EMB of each fiber). When an EMB >
4700MHz·km is required the spectral window for L-MMF becomes relatively limited.
[0024] An example of this characteristic is shown in Figs. 6A and 6B which illustrate a typical MMF using Ge as a main
dopant to increase the refractive index in the core. This dopant produces a monotonically decreasing alpha optimum
distribution as shown by the solid line in Fig. 6A. When using αd (illustrated by the dashed line) as the α-profile value
for the fiber’s refractive index, negative relative group delays are attained when αd < αopt. As a result, the high modal
bandwidth for negative relative group delays (or L-MMF condition) is maintained for a relatively narrow spectral region.
This is shown in Fig. 6B where the negative relative group delays are exhibited to the left of the peak EMB wavelength.
[0025] Based on the foregoing, existing approaches do not provide means to optimize modal bandwidth while at the
same time produce MCDI for a broad range of optical wavelength. As such, there is a need to provide an improved MMF
capable not only for large modal bandwidth, but also negative tg in a broad spectral window.

SUMMARY

[0026] Accordingly, at least in part the present specification is directed towards MMF that can provide increased EMB
and negative relative group delays in broad spectral regions of the fiber.
[0027] In an embodiment, the present invention provides a means to achieve negative relative group delay in a relatively
broad spectral window.
[0028] In another embodiment, the present invention provides a method for optimization of the modal bandwidth over
a relatively broad spectral window which is an important factor in the channel dispersion limitations.
[0029] In yet another embodiment of the present invention, an MMF is used to enable CWDM (unidirectional or bi-
directional) in multimode channels in which multiple VCSEL transceivers transmit and receive data simultaneously at
different wavelengths.
[0030] In yet another embodiment of the present invention, an MMF is used for VCSEL transceivers operating at
wavelength ≥ 850 nm, where the speed properties of the laser and chromatic dispersion of the fiber improve data rate
and reach.
[0031] In yet another embodiment, a multimode optical fiber in accordance with the present invention comprises a
core and cladding material system where the refractive indices of the core and cladding are selected to modify the shape
of the profile dispersion parameter, y, as a function of wavelength in such a way that the alpha parameter (α-parameter),
which defines the refractive index profile, produces negative relative group delays over a broad range of wavelengths.
The new shape of the profile dispersion parameter departs from traditional fibers where the profile dispersion parameter
monotonically decreases around the selected wavelength that maximizes the effective modal bandwidth (EMB).
[0032] In another embodiment, according to the principles of present invention, the dopants added to the fiber com-
position produce a concave or convex dispersion parameter profile with minimum value at or near to the wavelength λp
which has the peak EMB. The convex or concave shape of the profile dispersion parameter, y, broadens the range in
which the fiber provides the desired modal bandwidth. More importantly, depending on the shape produced by y, the
α-parameter is tuned to produce negative relative high-order group delay in a broad band of wavelengths. Negative
relative high-order group delays result in the compensation of modal and chromatic dispersion in VCSEL channels which
may enhance the total bandwidth up to or above 50%.
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[0033] In yet another embodiment, multimode fibers manufactured in accordance with the present invention exceed
the bandwidth provided by OM3 and/or OM4 fibers and at the same time compensate for modal and chromatic dispersion
over a broad range of wavelengths. This can be useful in transceiver requirements for long wavelength VCSEL and/or
coarse wavelength division multiplexed (WDM) systems.
[0034] In yet another embodiment, a MMF in accordance with the present invention provides higher channel bandwidth
which translates to lower ISI and lower MPN penalties in VCSEL transceivers. Therefore, an MMF according to an
embodiment of the present invention may enable faster data rates and/or longer reaches maintaining the cost and
reliability advantages of VCSEL-MMF channels.
[0035] In yet another embodiment, the present invention is an MMF for operating within a spectral window, the MMF
having one of a peak effective modal bandwidth or a minimum effective modal bandwidth at wavelength λp. The MMF
includes a cladding having a refractive index of n2, and a core, the core having a radius a and a refractive index profile
comprised of refractive indices n(r) defined by a function of a radial distance r from a center of the core to a: 

 where n1 is a refractive index at the center of the core, α is a parameter defining a shape of the refractive index profile,
and Δ= (n1 - n2)/n1. The core further has an αopt profile comprised of values αopt (λ) defined by a function of wavelength
λ, where for a given λ the αopt (λ) value minimizes a group delay of the MMF when the α is set equal to αopt (λ), the αopt
profile having one of a concave shape with a maximum at αopt(λp) or a convex shape with a minimum at αopt(λp), where
α ≤ αopt(λp).
[0036] In yet another embodiment, the present invention is an MMF for operating within a spectral window. The MMF
includes a cladding having a refractive index of n2, and a core, the core having a radius a and a refractive index profile
comprised of refractive indices n(r) defined by a function of a radial distance r from a center of the core to a: 

where n1 is a refractive index at the center of the core, α is a parameter defining a shape of the refractive index profile.
and Δ= (n1 - n2)/n1. The core further has an αopt profile comprised of values αopt (λ) defined by a function of wavelength
λ, where for a given λ the αopt (λ) value minimizes a group delay of the MMF when the α is set equal to αopt (λ), the αopt
profile having one of a concave shape with a maximum αopt value or a convex shape with a minimum αopt value, where
α is less than or equal to the one of the maximum αopt value or the minimum αopt value.
[0037] In yet another embodiment, the present invention is an MMF for operating within a spectral window. The MMF
includes a cladding, and a core, the core having a radius a and a refractive index profile, the core comprising at least
one dopant, a concentration of the at least one dopant varying between a center or the core and a. The spectral windows
is defined by an overlapping range of wavelengths (1) at which the MMF has an EMB equal to or above a predefined
minimum with one of a peak EMB or a minimum EMB occurring at wavelength λp which is less than a maximum wavelength
of the spectral window and (2) at which a differential mode delay (DMD) plot of the MMF exhibits a shift to the left of its
higher order modes relative to its lower order modes. The DMD plot is measured by launching a plurality of optical pulses
into one end of the core at various radial distances r and observing an arrival of the optical pulses at another end of the
core at the various radial distances r to determine a velocity of any one of the plurality of optical pulses launched into
the core at some radial distance r relative to any other of the plurality of optical pulses launched into the core at some
other radial distance r. And the shift to the left is characterized by some of the plurality of optical pulses having a faster
velocity relative to at least one other optical pulse having a slower velocity, the at least one other optical pulse having
a slower velocity being launched into the core at a lower radial distance r than any of the some of the plurality of optical
pulses having a faster velocity.
[0038] These and other features, aspects, and advantages of the present invention will become better understood
with reference to the following drawings, description, and any claims that may follow.
[0039] US 2014/086577 relates to multimode optical fiber systems with adjustable chromatic modal dispersion com-
pensation.
[0040] US 2011/0037183 relates to an improved multimode fiber optic cable designed to compensate for the wavelength
distribution and emission pattern of laser sources used in high-speed communication systems.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0041]

Fig. 1 illustrates DMD radial waveform plots for two fibers with equal radial mode group delays but opposite slope
signs.
Fig. 2 illustrates an example of the improvements of BER when using L-MMF
Fig. 3 illustrates graphs of a profile dispersion parameter and αopt for an exemplary MMF with λp = 850 nm.
Fig. 4 illustrates an EMB modeled as a function of the wavelength for typical MMF construction with λp = 850 nm.
Fig. 5 illustrates the measured EMB as a function of the wavelength for typical MMFs with several values of λp
ranging from 800 nm to 960 nm.
Fig. 6A illustrates an alpha-profile MMF doped with Ge.
Fig. 6B illustrates the modal bandwidth (EMB) as a function of the wavelength for the MMF of Fig. 6A.
Fig. 7 illustrates a cross sectional perspective view of a core and cladding according to an embodiment of the present
invention.
Fig. 8 illustrates a shape of a refractive index profile of a core and cladding according to an embodiment of the
present invention.
Fig. 9A illustrates an alpha-optimum distribution and an alpha-profile value for an MMF according to an embodiment
of the present invention.
Fig. 9B illustrates the EMB as a function of the wavelength for the fiber of Fig. 9A.
Fig. 10A illustrates an alpha-optimum distribution and an alpha-profile value for an MMF according to an embodiment
of the present invention.
Fig. 10B illustrates the EMB as a function of the wavelength for the fiber of Fig. 10A.
Fig. 11 illustrates a flow chart representative of a method according to an embodiment of the present invention.
Fig. 12 illustrates αopt values for three exemplary dopant concentrations.
Fig. 13 illustrates an αopt profile for a fiber according to an embodiment of the present invention.
Fig. 14 illustrates maximum relative group delays for the fiber of Fig. 13.
Figs. 15-17 illustrate DMD plots for the fiber of Fig. 13.
Fig. 18 illustrates an EMB summary for the fiber of Fig. 13.
Fig. 19 illustrates an αopt profile for a fiber according to another embodiment of the present invention.
Fig. 20 illustrates maximum relative group delays for the fiber of Fig. 19.
Figs. 21-23 illustrate DMD plots for the fiber of Fig. 19.
Fig. 24 illustrates an EMB summary for the fiber of Fig. 19.
Fig. 25 illustrates a flow chart representative of a method according to another embodiment of the present invention.
Fig. 26 illustrates a dopant concentration profile for a fiber according to an embodiment of the present invention.
Figs. 27-29 illustrate DMD plots for the fiber of Fig. 26.
Fig. 30 illustrates an EMB summary for the fiber of Fig. 26.
Fig. 31 illustrates an exemplary CWDM system according to an embodiment of the present invention.
Fig. 32 illustrates operational wavelength channels for the CWDM system of Fig. 31.
Fig. 33 illustrates attenuation for the CWDM system of Fig. 31.
Fig. 34 illustrates chromatic dispersion for the CWDM system of Fig. 31.

DETAILED DESCRIPTION

[0042] A cross-sectional view of an exemplary multimode optical fiber (MMF) in accordance with the present invention
is shown in Fig. 7. This fiber includes a core region having a center and a radius a, and a cladding region surrounding
the core. Both the core and the cladding are comprised of optically conductive materials such that the refractive index
at the center of the core (n1) is greater than the refractive index of the cladding (n2), and the distribution of the refractive
indices throughout the optical fiber is generally referred to as the fiber’s refractive index profile.
[0043] In an embodiment, the MMF of the present invention includes a dispersion parameter profile having a concave
or a convex shape with minimum/maximum value at or near to the wavelength which has the peak EMB or λp. Such an
MMF can have a refractive index profile that includes a generally parabolic shape as shown in Fig. 8. This refractive
index profile can be attained by including, in the core, one or more dopants in respective concentrations, and it can be
defined by equation (1) where the α-value is selected pursuant the fiber’s αopt profile. An α-value selected pursuant to
the present invention may be referred to as αd through this specification.
[0044] Instances of exemplary characteristics of an MMF provided in accordance with some embodiments of the
present invention are shown in Figs. 9A-10B. Figs. 9A and 9B illustrate exemplary characteristics of an MMF that uses
dopants such as, for example, Boron (B) to decrease the refractive index of the core and/or cladding and Fluorine (F)
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to decrease the refractive index of the cladding. Certain combination of concentrations of these dopants in the core and
cladding can produce concave like functions for the alpha optimum profile as shown by the solid line in Fig. 9A. By
designing the fiber to have a refractive index profile with a power exponent of αd < αopt, it is possible to maintain negative
relative group delays over a broad spectral region while maintaining a high modal bandwidth as illustrated in Fig. 9B.
[0045] Figs. 10A and 10B illustrate exemplary characteristics of another MMF that is doped with, for example, phos-
phorous (P) to increase the refractive index of the cladding. Small amounts of phosphorous, or other dopants, in the
core in combination with dopant(s) such as fluorine in the cladding can produce convex like functions for the alpha
optimum profile as shown in Fig. 10A. By designing the fiber to have a refractive index profile with a power exponent of
αd < αopt, it is possible to maintain negative relative group delays in a broad spectral region while maintaining a high
modal bandwidth as illustrate in Fig. 10B.
[0046] Fig. 11 illustrates a flow chart outlining the process for determining αd and developing an MMF profile according
to an embodiment of the present invention. This embodiment can be used in a design and/or manufacturing process for
an MMF with one or more dopants, where the concentration profile of each dopant is based on the same αd value. It is
to be understood that the same αd value does not require the same dopant concentration value. In step 100, the initial
parameters are selected for the MMF. These parameters can include, but are not limited to, numerical aperture, index
contrast Δ, core and cladding dimensions, peak EMB, maximum coupling loss, chromatic dispersion parameters (e.g.,
chromatic dispersion coefficient D, zero dispersion wavelength λz), manufacturing tolerances, and/or desired spectral
windows for a minimum value of the effective modal bandwidth EMBo. Once the initial parameters are provided, one or
more dopants together with their respective concentrations are selected in step 105. The selection in step 105 may be
based on some pre-existing criteria, such as, for example, a library of dopants compatible for the fabrication of SiO2
fiber core and cladding. A very brief example of such a library is provided in Table III. The range of combinations among
these and other dopants is very extensive, and can be computed numerically from the Sellmeier coefficients.

[0047] Alternatively, the selection in step 105 may be random. Upon the selection of the dopant(s) and respective
concentration(s), an initial verification step 110 is performed where the basic characteristics such as, but not limited to,
numerical aperture, Δ, D, and λz are computed. The initial verification can allow for a relatively early determination of
whether the selected material(s) will result in an MMF that falls within some desired guidelines. This can be especially
useful in determining whether the MMF will satisfy certain standards characteristics such as those defined by the OM3
and OM4 standards. This determination can be made in step 115 where if it is determined that the MMF will not satisfy
some predetermined criteria, a new selection of a dopant(s) and concentration(s) must be made in step 105. While this

Table III

Sample Doping element & concentration Sellmeier coefficients ai Sellmeier coefficients bi

1 Cl (∼0.06 wt%)

0.50716 0.04014

0.59707 0.11359

0.69879 8.81674

2 CL (0.3 wt%)

0.88671 0.07954

0.21675 0.1244

0.69401 8.83315

3
F (0.9wt%) 0.87219 0.07417

Cl (0.13 wt%)
0.21238 0.1298
0.94959 10.22611

4
P (12.5 wt%) 0.51512 0.02636

Cl (∼0.03 wt%)
0.62804 0.11614
1.0743 10.6931

5 B2O3 (13.3 mol%)
0.690618 0.0619
0.401996 0.123662
0.898817 9.09896

6 P2O4 (9.1 mol%)
0.69579 0.061568
0.452497 0.119921
0.712513 8.656641
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verification and comparison process embodied in the two steps 110 and 115 is performed immediately after the dopant
selection step of 105, this is not a requirement. Instead it may be performed during any time following step 105. However,
for practical purposes, early determination of a non-compatible selection in step 105 may provide time, computing, and/or
cost savings.
[0048] If at step 115 it is determined that the selected material(s) and respective concentration(s) are satisfactory, in
step 120 the profile of the dispersion parameter y(λ) and the optimum α-value αopt(λ) are calculated using equations
(3) and (4), and in step 125 the concavity of the dispersion parameter y(λ) around the peak EMB λp is evaluated. Note
that the term "concavity" as used herein refers to both a concave and a convex shape. If the profile of the dispersion
parameter is not concave or convex around the peak EMB, steps 105-125 are repeated with a new dopant(s) and/or
concentration(s). If, on the other hand, the profile of the dispersion parameter does exhibit desired concavity around the
peak EMB value, the method proceeds to step 130 where an αd value is chosen based on the optimum α-value at peak
EMB αopt(λp) and the manufacturing tolerances. In an embodiment, αd follows the following equation: 

where Tα is a manufacturing tolerance for the α-parameter which depends on manufacturer (e.g., 60.01) and parameter
b is utilized to increase the broadband windows for high EMB, relax the conditions for relative negative mode group
delay tilt, to include the small dependence of alpha with wavelength, or to adjust for the different process used by fiber
manufacturers. In order to produce an MMF which exhibits the L-MMF condition, the sign of b must be negative.
[0049] In some cases, for example multicomponent fiber, it may not be possible to find relatively simple analytical
expressions such as equations (6). In those cases, use of a full numerical model to find the optimum αd value for each
component may be required.
[0050] After determining the αd value, the relative mode group delays tg(λ) are derived in step 135 by using equation
(2) and substituting αd in place of α; the differential mode delay (DMD) profiles are computed in step 140 from the earlier-
derived mode group delays tg(λ); and the effective modal bandwidth EMB(λ) is computed in step 145 from the earlier
computed DMD profiles. Thereafter, a final verification of performance compliance is made in step 150 where the values
obtained in steps 135-145 are evaluated. In one example, the evaluation in step 150 can be limited to the evaluation of
the EMB(λ) to verify that it is in compliance with the minimum required value EMBo for the spectral window originally
defined in step 100. In other examples, the values derived in steps 135 and 140 can also be evaluated. For instance,
the maximum values for the relative mode group delays are checked to fall within some predetermined range group
(e.g., a range specified by the OM3 or OM4 standard). Furthermore, the sign (e.g., positive versus negative) of the
relative mode group delay values can also be evaluated to confirm the presence of an L-MMF condition for at least some
of the operating wavelengths. In another instance, the DMD plots can be evaluated for visual confirmation of fiber’s
transmission characteristics (e.g., the presence of a left shift of the majority of peak pulse at increasing radial offsets at
various wavelengths). Moreover, the plots can be used to measure the DMD value at various operating wavelengths
which in it of itself can be a prerequisite to meeting some preexisting standard. Note that the recitation of verification
processes is not meant to be limiting and/or exhaustive. If the verification process returns a favorable result, the MMF
parameters are saved in step 155 for later use such as, for example, the manufacture of the MMF. If, on the other hand,
the verification step 150 fails, steps 105-145 are repeated for new dopant(s) and/or concentration(s).
[0051] As an example, the method described in Fig. 11 may be used to produce a broadband MMF that uses B2O3
and small amounts of GeO2. The addition of B2O3 dopant to the fiber’s core has the effect of reducing the refractive
index and therefore reducing the Δ, increasing phase velocity and group velocity relative to pure Si, and varying the
shape of the dispersion parameter y(λ) and αopt.
[0052] In order to maintain Δ ≈ 1% at an operating wavelength of about 850 nm to reduce coupling losses when mated
with legacy fibers, modeling results indicate that Fluorine doping in the cladding and/or combined doping of GeO2-B2O3
in the core may be desired. The effect of B2O3 on αopt is shown in Fig. 12 where the wavelength-dependent αopt profiles
are modeled for three dopant concentrations. The (a) αopt profile is based on a concentration of 13.3 mol % of B2O3;
the (b) αopt profile is based on a concentration of 4.1 mol % of GeO2 and 7.7 mol % of B2O3; and the (c) αopt profile is
based on a concentration of 0.1 mol % of GeO2 and 5.5 mol % of B2O3.
[0053] To produce a broadband MMF with high modal bandwidth and negative group delays the required concentration
of dopants should be precisely controlled. This may allow the negative group delay condition to be maintained for at
least 200 nm for EMB > 4.7 GHz·km, and over 300 nm for OM3 fibers.
[0054] In an embodiment, the fibers that satisfy the requirements for high EMB and negative group delays can have
a core with GeO2 dopant concentration between 3 to 6 mol % and B2O3 dopant concentration between 4 and 9 mol %.
For such fiber the cladding includes a less than 4 wt % dopant concentration of B2O3 and/or F. For example of the αopt
value of an MMF co-doped with 4.1 mol % Ge and 7.7 mol % B2O3 in the core, and 3 wt % F in the cladding is shown
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in Fig. 13 as the parabolically shaped solid line. The ideal designed alpha (αd) for the profile shape is 2.1147 and is
equivalent to the α value at the vertex of the parabolic plot. For this example, it is assumed that tolerances of 6 0.005
in the αd value (with respect to the ideal αd value) are permissible in order to remain within the desired EMB limits.
[0055] Given the potential αd values shown in Fig. 13, it is possible to derive the maximum values for the relative mode
group delays using equation (2). These results are provided in Fig. 14 where the maximum relative group delays are
plotted as a function of wavelength for the three separate target αd values (αd = 2.1197 for triangle markers; αd = 2.1147
for dot markers; and αd = 2.1097 for square markers). The dotted horizontal lines represent the range limits of maximum
delays for EMB > 4.7 GHz-km. Based on these results it is possible to tell that all three instances remain within the
maximum delay limits over a relatively broad range of wavelengths. Furthermore, it is possible to tell that for MMFs
having αd = 2.1147 or 2.1097, the maximum relative mode group delays within the region of interest have a negative
value. This provides an indication of an L-MMF condition occurring throughout the range of interest for the respective
fibers. On the other hand, for an MMF having αd = 2.1197, at least some maximum relative group delays will have a
positive value. While this may not be desirable in some cases, in other cases the positive values may form a part of an
overall analysis of the performance resulting from a fiber with a certain αd value. In other words the existence of positive
αd values does not necessarily take the resulting fiber or the process by which that fiber was made outside the scope
of the present invention. This, as further described later in the specification, is because at higher wavelengths, MCDC
may not be of such high concern. As such, a fiber which meets the L-MMF condition over only a part of its operational
wavelength window may still be desirable. The results provided in Fig. 14 highlight the potential need for selecting an
appropriate αd value so as to remain within appropriate operational limits considering potential manufacturing tolerances.
[0056] Given the maximum relative group delays, it is then possible to determine a series of DMD plots for a respective
fiber. Figs. 15-17 show the DMD plots computed for the maximum relative group delays of the fiber with αd = 2.1147.
The DMD pulses in these plots were computed using TIA’s procedure described in the FOTP-220 standard, which is
incorporated herein by reference in its entirety. These plots simulate the measured DMD pulses at each wavelength as
indicated at the top of each figure. Having a DMD plot for a given wavelength, it is then possible to compute the EMB
for that respective wavelength. For the examples of Figs. 15-17 the respective EMB values are provided at the top of
each DMD plot, and a summary of the EMB values as a function of wavelength is provided in Fig. 18.
[0057] As another example, the method described in Fig. 11 may also be used to produce a broadband MMF that
uses P2O5 as the core dopant and F as the cladding dopant. The addition of P2O5 dopant to the fiber’s core has the
effect of increasing the refractive index and therefore increasing the Δ, i.e., the difference in core-cladding refractive
index, reducing phase velocity and group velocity relative to pure Si, and varying the shape of the dispersion parameter
y(λ) and αopt. In order to maintain Δ ≈ 1% at an operating wavelength of about 850 nm to reduce coupling losses when
mated with legacy fibers, modeling results indicate that Fluorine doping in the cladding and/or combined doping of
GeO2-P2O5 in the core may be preferred. This may allow the negative group delay condition to be maintained for at
least 200 nm for EMB > 4.7 GHz·km, and over 300 nm for OM3 fibers.
[0058] In an embodiment, the fibers that satisfy the requirements for high EMB and negative group delays can have
a core with P2O5 dopant concentration between 6 to 10 mol %. Fig. 19 illustrates an αopt profile for a fiber having a 9.1
mol % concentration of P2O5 and 90.9 mol % concentration of SiO2. Based on this profile, an αd is selected to be 2.01205
(illustrated in Fig. 19 via a dashed line). The selected αd provides a basis for deriving the maximum values for the relative
mode group delays using equation (2). The maximum relative group delays as a function of wavelength for the target
αd are shown in Fig. 20, with the horizontal dotted lines representing represent the range limits of maximum delays for
EMB > 4.7 GHz·km.
[0059] From the derived group delays, it is then possible to determine a series of DMD plots for a respective fiber.
Figs. 21-23 show the DMD plots computed for the maximum relative group delays shown in Fig. 20. The DMD pulses
in these plots were computed using TIA’s procedure described in the FOTP-220 standard. These plots simulate the
measured DMD pulses at each wavelength as indicated at the top of each figure. Having a DMD plot for a given
wavelength, it is then possible to compute the EMB for that respective wavelength. For the examples of Figs. 21-23 the
respective EMB values are provided at the top of each DMD plot, and a summary of the EMB values as a function of
wavelength is provided in Fig. 24.
[0060] Another method for designing an MMF according to an embodiment of the present invention is outlined in the
flow chart of Fig. 25. This embodiment can be especially applicable in design and/or manufacturing processes of MMFs
with two or more dopants where the α-value of at least one dopant concentration profile is different from the α-value of
at least one other dopant concentration profile. An exemplary representation of a fiber having dopant concentration
profiles differing with respect to their power exponent α is illustrated in Fig. 26. However, this method can still be used
to design fibers using only a single primary dopant also.
[0061] In step 200, the initial parameters are selected for the MMF. These parameters can include, but are not limited
to, numerical aperture, index contrast Δ, core and cladding dimensions, peak EMB, maximum coupling loss, chromatic
dispersion parameters (e.g., chromatic dispersion coefficient D, zero dispersion wavelength λz), manufacturing toler-
ances, and/or desired spectral windows for a minimum value of the effective modal bandwidth EMBo. Once the initial
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parameters are provided, the dopants together with respective concentrations are selected in step 205. The selection
in step 205 may be based on some pre-existing criteria, such as, for example, a library of dopants compatible for the
fabrication of SiO2 fiber core and cladding. Alternatively, the selection in step 205 may be random.
[0062] Upon the selection of the dopants and respective concentrations, an initial verification step 210 is performed
where the basic characteristics such as, but not limited to, numerical aperture and Δ are computed for the selected
materials and concentrations. The initial verification can allow for a relatively early determination of whether the selected
material will result in an MMF that falls within some desired guidelines. This can be especially useful in determining
whether the MMF will satisfy certain standards characteristics such as those defined by the OM3 and OM4 standards.
This determination can be made in step 215 where if it is determined that the MMF will not satisfy some predetermined
criteria, a new selection of a dopants and concentration profiles must be made in step 205. While this verification and
comparison process embodied by the two steps 210 and 215 is performed immediately after the dopants selection step
of 205, this is not a requirement. Instead it may be performed during any time following step 205. However, for practical
purposes, early determination of a non-compatible selection in step 205 may provide time, computing, and/or cost savings.
[0063] If at step 215 it is determined that the selected materials and concentrations are satisfactory, in step 220 the
spectral characteristics of the fiber with the selected materials are modeled using the Sellmeier coefficients given by: 

Because the concentrations of the dopants vary along the radial position of the fiber’s core, modeling of the spectral
characteristics is achieved by taking this radial variance into consideration. Consequently, equation (7) becomes a
function of λ and r, and also takes into consideration that more than one dopant may be used.
[0064] After determining the spectral characteristics for the MMF, the relative mode group delays tg(λ) are derived in
step 225 by using numerical models, such as for example Wentzel -Kramer-Brillouin or Finite Time Domain Difference;
the differential mode delay (DMD) profiles are computed in step 230 from the earlier-derived mode group delays tg(λ);
and the effective modal bandwidth EMB(λ) is computed in step 235 from the earlier computed DMD profiles.
[0065] Thereafter, a final verification of performance compliance is made in step 240 where the values obtained in
steps 225, 230 and/or 235 are evaluated. In one example, the evaluation in step 240 can be limited to the evaluation of
the EMB(λ) to verify that it is in compliance with the minimum required value EMBo for the spectral window originally
defined in step 200. In other examples, the values derived in steps 230 can also be evaluated. For instance, the DMD
plots can be evaluated for visual confirmation of fiber’s transmission characteristics (e.g., the presence of a left shift of
the majority of peak pulse at increasing radial offsets at various wavelengths). Moreover, the plots can be used to
measure the DMD value at various operating wavelengths which in it of itself can be a prerequisite to meeting some
preexisting standard. Note that the recitation of verification processes is not meant to be limiting and/or exhaustive. If
the verification process returns a favorable result, the MMF parameters are saved in step 245 for later use such as, for
example, the manufacture of the MMF. If, on the other hand, the verification step 240 fails, steps 205-240 are repeated
for a new dopant and/or concentration.
[0066] As an example, the method described in Fig. 25 may be used to produce a broadband MMF that uses Ge and
F as its dopants. Fig. 26 illustrates exemplary concentration profiles for the Ge and F dopants, with Ge mol % concentration
being represented via the solid line and F mol % concentration being represented via the dotted line. Both of these
concentrations can be represented with the following equations as a function of radial offset r from the center of the core:

For Ge: 

For F: 
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where  and  are parameters which determine the shape of the respective dopant concentration profile and

 and  are parameters that define the maximum concentrations of respective dopants at some radial offset

position. The values for these parameters can be selected based on some pre-existing criteria, such as, for example,
generally known dopant concentrations and concentration profile shapes, or at random. In the example of Fig. 26, the

αd values are selected to be  and  

[0067] Taking equations (8) and (9) into consideration it is then possible to generate the spectral characteristics of the
fiber as a function of radial offset r and wavelength λ. Expanding on equation (7), the resultant refractive index profile
is computed using: 

where XGe and XF are the mole fractions, and dai the dbi the material specific variation terms. Given the result-set of
equation (10), it is possible to derive the maximum values for the relative mode group delays, and then using those
values to determine a series of DMD plots for the respective fiber as shown in Figs. 27-29. The DMD pulses in these
plots were computed using TIA’s procedure described in the FOTP-220 standard. These plots simulate the measured
DMD pulses at each wavelength as indicated at the top of each figure (825 nm to 1175 nm). Having a DMD plot for a
given wavelength, it is then possible to compute the EMB for that respective wavelength. For the examples of Figs.
27-29 the respective EMB values are provided at the top of each DMD plot, and a summary of the EMB values as a
function of wavelength is provided in Fig. 30. In these figures it is observed that the negative DMD tilt (e.g., the L-MMF)
and the EMB ≥ 4.7 GHzdkm conditions can be maintained from 850 nm to 950 nm.
[0068] These results indicate that using the MMF of the currently described embodiment can be especially advanta-
geous in the shorter wavelengths region of about 850 nm to about 950 nm. At longer wavelengths (e.g., > 975 nm) the
attenuation and chromatic dispersion can be significantly lower accounting for a least 2 dB reduction in transmission
penalties compared with the penalties at 850 nm. Therefore, at those longer wavelengths MCDC may not be required.
By modifying the exponents in the dopant concentration functions shown in equations (8) and (9), the peak EMB wave-

length or λp can be shifted either to the left or to the right. For example by using  and 

λp becomes ∼ 900 nm.
[0069] Concepts disclosed herein can be applied to designing optical fibers for use with laser transceivers emitting
multiple transverse modes (e.g., VCSEL transceivers). This fiber can be used in channels requiring the transmission
and receiving of multiple signals over a broad range of wavelengths.
[0070] Concepts embodied by the present invention may be applicable in unidirectional and/or bidirectional CWDM
(coarse wavelength-division multiplexing). It has been recognized that performance of CWDM systems depend not only
on modal bandwidth, but also on the total bandwidth resulting from the modal and chromatic dispersion interaction.
[0071] In order to equalize the reach or performance of the transmitter wavelength in a CWDM channel as illustrated
in Fig. 31, MCDC (modal-chromatic dispersion compensation) should preferably be applied to the shorter wavelength
of the utilized spectra in such a way that the penalties due to dispersion and attenuation are balanced. For example,
Fig. 32 shows the case where n = 8 wavelengths separated by Δs = 40 nm. This configuration may allow 100 Gbps or
128 Gbps bidirectional transmission per fiber by multiplexing different wavelength VCSELs with serial rates of 25 Gbps
or 28 Gbps. It may also enable 200 Gbps bidirectional transmission per fiber using VCSEL transceivers with serial rates
of 50 Gbps. Transceivers operating with the first 4 shorter wavelengths (i.e., 850 nm to 970 nm) are subject of significantly
more attenuation (as shown in Fig. 33) and chromatic dispersion (as shown in Fig. 34) than transmitters operating with
the longer wavelengths. Therefore, the impact of MCDI (modal-chromatic dispersion interaction) described herein can
be more significant for the shorter wavelengths than the longer wavelengths.
[0072] Additionally, design techniques described herein may be combined with any known fiber manufacturing tech-
niques to the extent necessary. For example, those of ordinary skill will be familiar with the general concept of manu-
facturing optical fibers where in a first stage a preform is produced and in a second stage a fiber is drawn from that
preform. Those familiar with the relevant art will also be familiar with the techniques used to introduce/add one or more
dopants during the manufacturing stages. This step typically occurs during the preform formation stage where a controlled
introduction of dopants results in a preform having some desired dopant concentration profile. In some embodiments,
it is at this stage that the selected dopants can be controlled in accordance with the design parameters of the present
invention. Furthermore, in some embodiments, the reference to a "broad spectral region" may be understood to refer to
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a region that is at least 50nm, at least 100nm, at least 150nm, at least 200nm, at least 250nm, and/or at least 300nm.
However, this should not be interpreted as limiting the meaning of the term "broad spectral region," as in some embod-
iments this term may also have a customary meaning as would be understood by those of ordinary skill in the relevant art.
[0073] Note that while this invention has been described in terms of several embodiments, these embodiments are
non-limiting (regardless of whether they have been labeled as exemplary or not), and there are alterations, permutations,
and equivalents, which fall within the scope of this invention. Additionally, the described embodiments should not be
interpreted as mutually exclusive, and should instead be understood as potentially combinable if such combinations are
permissive. It should also be noted that there are many alternative ways of implementing the methods and apparatuses
of the present invention. For example, while extensive references have been made to VCSEL systems throughout the
specification, the present invention may be implemented with other, non-VCSEL optical sources. It is therefore intended
that claims that may follow be interpreted as including all such alterations, permutations, and equivalents as fall within
the true scope of the present invention.
[0074] Furthermore, the subject matter described herein, such as for example the methods for designing and/or man-
ufacturing an MMF in accordance with the present invention, can be implemented at least partially in software in com-
bination with hardware and/or firmware. For example, the subject matter described herein can be implemented in software
executed by a processor. In one exemplary implementation, the subject matter described herein can be implemented
using a non-transitory computer readable medium having stored thereon computer executable instructions that when
executed by the processor of a computer control the computer to perform steps of a method or process. Exemplary
computer readable media suitable for implementing the subject matter described herein include non-transitory computer-
readable media, such as disk memory devices, chip memory devices, programmable logic devices, and application
specific integrated circuits. In addition, a computer readable medium that implements the subject matter described herein
may be located on a single device or computing platform or may be distributed across multiple devices or computing
platforms. Devices embodying the subject matter described herein may be manufactured by any means, such as by
semiconductor fabrication or discreet component assembly although other types of manufacturer are also acceptable,
and can be manufactured of any material, e.g., CMOS.
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Claims

1. A multimode optical fiber (MMF) for operating within a spectral window, said MMF having one of a peak effective
modal bandwidth or a minimum effective modal bandwidth at wavelength λp, said MMF comprising:

a cladding having a refractive index of n2; and
a core, said core having a radius a and a refractive index profile comprised of refractive indices n(r) defined by
a function of a radial distance r from a center of said core to a:

where:

n1 is a refractive index at said center of said core;
α is a parameter defining a shape of the refractive index profile; and 
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said core further having an αopt profile comprised of values αopt(λ) defined by a function of wavelength λ, where
for a given λ said αopt(λ) value minimizes a group delay of said MMF when said α is set equal to αopt(λ), said
αopt profile having one of a concave shape with a maximum at αopt(λp) or a convex shape with a minimum at
αopt(λp),
wherein α ≤ αopt(λp).

2. The MMF of claim 1, wherein said αopt profile is defined by: 

where: 

 and where N1 is a group refractive index of said core at r = 0.

3. The MMF of claim 1, wherein α < αopt(λp).

4. The MMF of claim 1, wherein said spectral window is at least 50nm.

5. The MMF of claim 4, wherein said spectral window is at least 100nm.

6. The MMF of claim 4, wherein said spectral window is at least 200nm.

7. The MMF of claim 1, wherein a differential mode delay (DMD) plot of said MMF exhibits a shift to the left of its higher
order modes relative to its lower order modes.

8. The MMF of claim 7, wherein said DMD plot is measured with an optical pulse of a wavelength within said spectral
window.

9. The MMF of claim 7, wherein said DMD plot is measured by launching a plurality of optical pulses into one end of
said core at various radial distances r and observing an arrival of said optical pulses at another end of said core at
said various radial distances r to determine a velocity of any one of said plurality of optical pulses launched into said
core at some radial distance r relative to any other of said plurality of optical pulses launched into said core at some
other radial distance r, and
wherein said shift to the left is characterized by some of said plurality of optical pulses having a faster velocity
relative to at least one other optical pulse having a slower velocity, said at least one other optical pulse having a
slower velocity being launched into said core at a lower radial distance r than any of said some of said plurality of
optical pulses having a faster velocity.

10. The MMF of claim 9, wherein said at least one other optical pulse having a slower velocity is launched into said core
at a radial distance of 5 microns.

Patentansprüche

1. Multimodale Glasfaser (Multimode Optical Fiber, MMF) für einen Betrieb innerhalb eines Spektralfensters, wobei
die MMF eine von einer höchsten wirksamen modalen Bandbreite oder einer minimalen wirksamen modalen Band-
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breite bei einer Wellenlänge λp aufweist, wobei die MMF umfasst:

einen Mantel, der einen Brechungsindex von n2 aufweist; und
einen Kern, wobei der Kern einen Radius a und ein Brechungsindexprofil aufweist, das aus Brechungsindizes
n(r) besteht, die durch eine Funktion eines radialen Abstands r von einem Mittelpunkt des Kerns zu a definiert
werden: 

wobei

n1 ein Brechungsindex am Mittelpunkt des Kerns ist;
α ein Parameter ist, der eine Form des Brechungsindexprofils definiert; und 

ist,
wobei der Kern außerdem ein αopt-Profil aufweist, das aus den Werten αopt(λ) besteht, die durch eine
Funktion der Wellenlänge λ definiert werden, wobei für ein gegebenes λ der αopt(λ)-Wert eine Gruppen-
verzögerung der MMF auf ein Mindestmaß herabsetzt, wenn α gleich αopt(λ) gesetzt wird, wobei das
αopt-Profil eine von einer konkaven Form mit einem Maximum bei αopt(λp) oder einer konvexen Form mit
einem Minimum bei αopt(λp) aufweist,
wobei α≤αopt(λp) ist.

2. MMF nach Anspruch 1, wobei das αopt-Profil definiert wird durch: 

wobei: 

ist, und wobei N1 ein Gruppenbrechungsindex des Kerns bei r = 0 ist.

3. MMF nach Anspruch 1, wobei α < αopt(λ) ist.

4. MMF nach Anspruch 1, wobei das Spektralfenster mindestens 50 nm aufweist.

5. MMF nach Anspruch 4, wobei das Spektralfenster mindestens 100 nm aufweist.

6. MMF nach Anspruch 4, wobei das Spektralfenster mindestens 200 nm aufweist.

7. MMF nach Anspruch 1, wobei eine Kurve einer Differentialmodusverzögerung (Differential Mode Delay Plot, DMD-
Kurve) der MMF eine Verschiebung nach links von ihren Modi höherer Ordnung relativ zu ihren Modi niedrigerer
Ordnung zeigt.

8. MMF nach Anspruch 7, wobei die DMD-Kurve mit einem optischen Puls einer Wellenlänge gemessen wird, die
innerhalb des Spektralfensters liegt.
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9. MMF nach Anspruch 7, wobei die DMD-Kurve gemessen wird, indem eine Vielzahl von optischen Pulsen in ein
Ende des Kerns bei verschiedenen radialen Abständen r eingeleitet werden und indem eine Ankunft der optischen
Pulse am anderen Ende des Kerns bei den verschiedenen radialen Abständen r beobachtet wird, um eine Ge-
schwindigkeit von einigen aus der Vielzahl von optischen Pulsen, die in einem radialen Abstand r in den Kern
eingeleitet wurden, relativ zu beliebigen anderen aus der Vielzahl von optischen Pulsen zu ermitteln, die in einem
anderen radialen Abstand r in den Kern eingeleitet wurden, und
wobei die Verschiebung nach links gekennzeichnet ist durch einige aus der Vielzahl von optischen Pulsen, die
eine schnellere Geschwindigkeit relativ zu mindestens einem anderen optischen Puls aufweisen, der eine langsa-
mere Geschwindigkeit aufweist, wobei der mindestens eine andere optische Puls, der eine langsamere Geschwin-
digkeit aufweist, in einem geringeren radialen Abstand r in den Kern eingeleitet wurde, als ein beliebiger aus der
Vielzahl von optischen Pulsen, die eine schnellere Geschwindigkeit aufweisen.

10. MMF nach Anspruch 9, wobei der mindestens eine optische Puls, der eine langsamere Geschwindigkeit aufweist,
bei einem radialen Abstand von 5 Mikrometer in den Kern eingeleitet wird.

Revendications

1. Fibre optique multimode (MMF) destinée à fonctionner dans une fenêtre spectrale, ladite MMF ayant une bande
passante modale effective de crête ou une bande passante modale effective minimale à une longueur d’onde λp,
ladite MMF comprenant :

une gaine ayant un indice de réfraction de n2 ; et
un cœur, ledit cœur ayant un rayon a et un profil d’indice de réfraction constitué d’indices de réfraction n(r)
définis par une fonction d’une distance radiale r d’un centre dudit cœur à a : 

où :

n1 est un indice de réfraction audit centre dudit cœur ; α est un paramètre définissant une forme du profil
d’indice de réfraction ; et 

ledit cœur ayant un profil αopt constitué de valeurs αopt (λ) définies par une fonction d’une longueur d’onde
A, où pour une longueur d’onde A donnée, ladite valeur αopt(λ) minimise un retard de groupe de ladite MMF
quand ledit paramètre α est fixé égal à αopt(λ), ledit profil αopt ayant une forme concave avec un maximum
à αopt(λp) ou une forme convexe avec un minimum à αopt(λp),
où α ≤ αopt (λp).

2. MMF selon la revendication 1, dans laquelle ledit profil αopt est défini par :

où : 

et où N1 est un groupe d’indices de réfraction dudit cœur à r = 0.
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3. MMF selon la revendication 1, dans laquelle α < αopt (λp).

4. MMF selon la revendication 1, dans laquelle ladite fenêtre spectrale est au moins égale à 50 nm.

5. MMF selon la revendication 4, dans laquelle ladite fenêtre spectrale est au moins égale à 100 nm.

6. MMF selon la revendication 4, dans laquelle ladite fenêtre spectrale est au moins égale à 200 nm.

7. MMF selon la revendication 1, dans laquelle un tracé de délai en mode différentiel (DMD) de ladite MMF présente
un décalage vers la gauche de ses modes d’ordre supérieur par rapport à ses modes d’ordre inférieur.

8. MMF selon la revendication 7, dans laquelle ledit tracé DMD est mesuré avec une impulsion optique d’une longueur
d’onde dans ladite fenêtre spectrale.

9. MMF selon la revendication 7, dans laquelle ledit tracé DMD est mesuré en lançant une pluralité d’impulsions
optiques dans une extrémité dudit cœur à diverses distances radiales r et en observant une arrivée desdites impul-
sions optiques à une autre extrémité dudit cœur auxdites diverses distances radiales r pour déterminer une vitesse
d’une impulsion optique quelconque de ladite pluralité d’impulsions optiques lancées dans ledit cœur à une certaine
distance radiale r par rapport à une autre impulsion optique quelconque de ladite pluralité d’impulsions optiques
lancée dans ledit cœur à une certaine autre distance radiale r, et
ledit décalage vers la gauche étant caractérisé par certaines impulsions optiques de ladite pluralité d’impulsions
optiques ayant une vitesse plus rapide par rapport à au moins une autre impulsion optique ayant une vitesse plus
lente, ladite au moins une autre impulsion optique ayant une vitesse plus lente étant lancée dans ledit cœur à une
distance radiale r inférieure à celle de n’importe quelle autre desdites certaines impulsions optiques de ladite pluralité
d’impulsions optiques ayant une vitesse plus rapide.

10. MMF selon la revendication 9, dans laquelle ladite au moins une autre impulsion optique ayant une vitesse plus
lente est lancée dans ledit cœur à une distance radiale de 5 microns.
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