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METHOD FOR DESIGNING AND SELECTING OPTICAL FIBER FOR
USE WITH A TRANSMITTER OPTICAL SUBASSEMBLY

FIELD OF THE INVENTION

[001] The present invention relates to a new Differential Mode Delay (DMD)
specification which is provided for making and utilizing laser-optimized multimode fiber
optic cable (MMF) that utilizes the radial dependence of the fiber-coupled wavelength
distribution to compensate modal and chromatic dispersion for improved channel
performance.

[002] The present invention also relates to a multimode fiber optic sub-assembly having
a specified fiber-coupled spatial spectral distribution. The multimode fiber optic sub-
assembly includes a multimode fiber transmitter optical sub-assembly (TOSA) for use
with a specifically designed MMF. Knowledge of the fiber-coupled spatial spectral
distribution allows dispersive phenomena, inherent in multimode fiber optic
communications system, to be compensated by specifically designed MMF thereby
facilitating improved systems performance.

BACKGROUND

[003] Most high-speed optical channel links in short-reach data communication
networks employ MMF. Transceivers that support these channel links use Vertical
Cavity Surface Emitting Laser (VCSEL) sources for data rates of 1Gb/s and higher. To
achieve link distances in excess of 200 meters, the design of MMF has been optimized for
VSCEL transmission with a center wavelength of 850nm. An MMF optimized for
VCSEL transmission is called Laser-Optimized MMF, and is specified in TIA-492AAAC
and TIA-492AAAD as OM3 (fibre type Ala.2) and OM4 (fibre type Ala.3) fiber types

respectively.
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[004] Due to the wave nature of light and the wave guiding properties of optical fiber, an
optical signal traverses the fiber along discrete optical paths called modes. The optical
power of the pulse is carried by the sum of the discrete modes. The difference in
propagation delays between the fastest and slowest modes in the fiber determines the
inter-modal dispersion or simply modal dispersion. MMF should ideally be optimized so
that all modes arrive at the output of the fiber at the same time to minimize modal
dispersion. This has traditionally been achieved by shaping or “grading” the refractive

index profile of the fiber core according to the parabolic distribution defined by
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[006] Where, a is the core diameter (50um), 7, is the refractive index at the core center,

n, is the refractive index of the cladding, & is a number close to 2, and
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[008] The traditional refractive index profile described by Equation (1) assumes that all
modes have substantially the same wavelength and is considered the traditional “ideal”
profile that results in minimum modal dispersion. Modes that travel with larger angles
(and consequently traverse longer distances) encounter a lower refractive index on
average and travel faster. These are called high-order modes. Modes traveling with small
angles (low-order modes) encounter a higher refractive index on average and travel
slower.

[009] Much attention has been focused on minimizing modal dispersion of Laser-
Optimized MMF by optimizing the refractive index profile of the fiber. Modal dispersion
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is the temporal distortion of an optical signal due to differences in the various modes’
propagation velocities. Conversely, with respect to MMF, comparatively little attention
has been focused on reducing the effects of material dispersion. Material dispersion is the
temporal distortion of an optical signal due to differences in the propagation velocities of
the various spectral components that comprise the optical signal. More generally,
chromatic dispersion is a combination of material dispersion and waveguide dispersion
where the waveguide properties change with wavelength.

[0010] As a result, it is desirable to provide an improved method for manufacturing MMF
which accounts for and compensates for not only modal dispersion, but also material
dispersion.

[0011] Additionally, due to the radially dependent wavelength emission pattern of laser
transmitters, fiber-coupled modes have a radial wavelength dependency that results in
appreciable material dispersion. Consequently, the total dispersion of the MMF system
depends not only on the modal dispersion and material dispersion within MMF but also
on the interaction between MMF and the emitting spectrum of the laser transmitter
(oftentimes a VCSEL), all of which is governed by a fiber-coupled spatial spectral
distribution.

[0012] The fiber-coupled spatial spectral distribution is dependent on the emitting
spectrum of a laser transmitter which generates light radiation which travels down the
MMF, and the manner in which the VCSEL’s generated light radiation is coupled into the
MMF. With reference to FIGS. 15 and 16, a Transmitter Optical Sub-Assembly (TOSA)
120 1s used to couple light emitted from a VCSEL 124 into a fiber connector ferrule 132
mated to a transceiver 112 which houses both the TOSA 120 and a Receiver Optical Sub-

Assembly (ROSA) 130. The ROSA is used for light detection. With reference to FIGS.
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15 and 16, most generally, a TOSA comprises the following components: 1) a packaged
VCSEL 124; 2) a lens 126; 3) a precision receptacle 128 for receiving a removable fiber
connector ferrule 132; 4) a TOSA housing 121; and 5) an electrical connection 123 to a
transceiver PCB. The packaged VCSEL 124 is most often packaged in a hermetically
sealed package to improve device reliability. The lens 126 may be integrated into the
packaged VCSEL 124 or molded into the TOSA housing 121. An illustration of a
transceiver showing the TOSA is provided in FIG. 15 and a cross-sectional schematic of a
TOSA is provided in FIG. 16.

[0013] For illustrative purposes only, it may be considered that the components of the
TOSA 120 must be carefully aligned to achieve acceptable performance. An example
assembly process for TOSA 120 may be summarized by the following steps. First, secure
the lens 126 to the TOSA housing 121. Typically this is done by a press-fit, epoxy
(thermal or UV cure) or laser welding. Second, position the TOSA housing 121 with lens
126 over an electronically addressable VCSEL 124, Third, insert the fiber connector
ferrule 132 into the TOSA housing 121. Fourth, turn the VCSEL 124 on. Fifth, align the
VCSEL 124 with respect to the TOSA housing 121, including lens 126 and fiber
connector ferrule 132, to achieve the desired fiber-coupled power. Typically a 3-axis
alignment is performed (x,y,z). Optical alignment of the TOSA 120 is typically achieved
by inserting a fiber connector ferrule 132 into the receiving end of the TOSA 120 and
optimizing for the maximum optical power as a function of VCSEL 124-to-package
placement. Sixth, secure the VCSEL 124 to the TOSA housing 121. Typically this is
done with epoxy (thermal or UV cure) or laser welding. Finally, remove the fiber

connector ferrule 132 from the completed TOSA 120.
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[0014] The different transverse modes of multimode VCSELs have different emission
angles; higher-order modes have larger emission angles. It is also known that higher-
order VCSEL modes have shorter wavelengths. When coupled into multimode fiber, the
spectrum of the higher-order fiber modes will have a reduced central wavelength, A,
compared to lower-order fiber modes. The measurement procedure described in TIA-
455-127-A may be used to measure the emitting spectrum and determine its central
wavelength, A..

[0015] With reference to FIG. 17, when the components of TOSA 120 are pre-selected and
aligned with tolerances within 1mm or less, higher-order VCSEL modes are coupled into
the higher-order fiber modes located farther from the center of the fiber core, A guter
Conversely, lower-order VCSEL modes, which also have a longer central wavelength, are
expected to be coupled into the lower-order fiber modes located near the fiber core center,
e inner-

[0016] However, with reference to FIG. 18, if the components of TOSA 120 are not
precise and/or are in poor alignment, due to debris or misalignment issues such as
VCSEL offset within the TOSA package or lens 126 is offset within the TOSA housing
121, the expected proportional relationship between VCSEL modes and fiber modes may
not be realized. In fact, the optical system comprising the TOSA 120 may be such that
higher-order VCSEL modes are coupled into low-order fiber modes and vice versa. It is
essential to recognize that although imprecise components and/or poor alignment may
result in optical aberrations, the fiber-coupled power may still exceed the specification
minimum.

[0017] Numerous conditions, including environmental ones, may result in such a
situation. Some examples include,: 1) Misplacement of the VCSEL within the TOSA
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package; 2) Debris in the optical path; 3) Lens defects (e.g. moderate radius of curvature,
excessive radius of curvature); 4) Thermal expansion (or contraction) of the various
components comprising the TOSA; 5) Debris inside the ferrule bore preventing complete
insertion; 6) Excessive ferrule concentricity; 7) Excessive fiber concentricity; and 8)
TOSA housing defects.

[0018] There exists a need to have a transceiver that produces a predetermined fiber-
coupled spatial spectral distribution that results in a material or chromatic dispersion that
can be readily compensated for with a single fiber design. As‘a result, it would be
desirable to provide an improved method for manufacturing a TOSA that produces a
controlled fiber-coupled optical spectral distribution.

SUMMARY

[0019] In one aspect, a method for compensating for both material or chromatic
dispersion and modal dispersion effects in a multimode fiber transmission system is
provided. The method includes, but is not limited to measuring a fiber-coupled spatial
spectral distribution of the multimode fiber laser transmitter connected with a reference
multimode fiber optical cable and determining the amount of chromatic dispersion and
modal dispersion present in the reference multimode fiber optic cable. The method also
includes, but is not limited to, designing an improved multimode fiber optic cable which
compensates for at least a portion of the chromatic dispersion and modal dispersion
present in the reference multimode fiber optic cable resulting from the transmitter’s fiber-
coupled spatial spectral distribution.

[0020] In one aspect, a method for compensating for both chromatic dispersion and modal
dispersion effects in a multimode fiber transmitter optical sub-assembly is provided. The

method includes, but is not limited to measuring a fiber-coupled spatial spectral



WO 2012/054172 PCT/US2011/052776

distribution of the multimode fiber transmitter optical sub-assembly connected with a
reference multimode fiber optic cable and determining the amount of chromatic
dispersion and modal dispersion present in the reference multimode fiber optic cable.
[0021] In one aspect, a method for compensating for both chromatic dispersion and modal
dispersion effects in a reference multimode fiber transmitter optical sub-assembly is
provided. The method includes, but is not limited to, measuring a fiber-coupled spatial
spectral distribution of the reference multimode fiber transmitter optical sub-assem\bly
connected with a reference multimode fiber optic cable and determining the amount of
chromatic dispersion and modal dispersion present in the reference multimode fiber optic
cable. The method also includes, but is not limited to, designing an improved multimode
fiber transmitter optical sub-assembly, which compensates for at least a portion of the
chromatic dispersion and modal dispersion present in the reference multimode fiber optic
cable.

[0022] In one aspect, a method for compensating for both chromatic dispersion and modal
dispersion effects in a multimode fiber optic cable is provided. The method includes, but
1s not limited to, generating an optical signal into a reference multimode fiber optic cable
and measuring a wavelength dependent time of flight for a plurality of guided modes of
the optical signal in the reference multimode fiber optic cable. The method also includes,
but is not limited to, determining the amount of chromatic dispersion and modal
dispersion present in the reference multimode fiber cable, and designing an improved
multimode fiber optic cable which compensates for at least a portion of the chromatic
dispersion and modal dispersion present in the reference multimode fiber optic cable.
[0023] The scope of the present invention is defined solely by the appended claims and is

not affected by the statements within this summary.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0024] The invention can be better understood with reference to the following drawings
and description. The components in the figures are not necessarily to scale, emphasis
instead being placed upon illustrating the principles of the invention.
[0025] FIG. 1 depicts a graph of optical spectrums of modes propagating in a MMF for
five radial offsets from the multimode fiber core center, in accordance with one
embodiment of the present invention.
[0026] FIG. 2 depicts a graph of propagation delay of a resultant output pulse recorded by
a sampling oscilloscope for four radial offsets.
[0027] FIG. 3 depicts a graph of a DMD waveform plot for a representative OM4 fiber
sample A, in accordance with one embodiment of the present invention.
[0028] FIG. 4A depicts a graph of a current ideal DMD waveform plot where all
waveforms have the same delay and are therefore aligned, in accordance with one
embodiment of the present invention.
[0029] FIG. 4B depicts a graph of a resultant DMD waveform for a test VCSEL plot
obtained by convoluting the ideal DMD waveforms with spectral data using a new
algorithm, in accordance with one embodiment of the present invention,
[0030] FIG. 5 depicts a graph of a VCSEL emission pattern which has a wavelength
dependency that results in a radial wavelength dependency of the coupled fiber modes as
a function of offset, as shown on rightmost chart, in accordance with one embodiment of
the present invention.
[0031] FIG. 6 depicts a graph of wavelength dependent time of flight for two radial
offsets (5 and 19um offsets) propagating through a 550m length of MMF.

[0032] FIG. 7 depicts a graph of relative delay derived from time of flight measurements.
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[0033] FIG. 8A depicts a graph of a DMD waveform plot having a monotonic reduction
in delay from 0 to 24pum across the core of the fiber.

[0034] FIG. 8B depicts a graph of a resultant DMD waveform plot when convoluted with
a radial shift in center wavelength of AL, = 0.53nm.

[0035] FIGS. 9A and 9B depict graphs of DMD waveform plots for two MMF’s in the
same cable with virtually identical DMD and EMB metrics, in accordance with one
embodiment of the present invention. The fiber with a left shift, plotted in FIG. 9A,
shows better BER system performance than the fiber with the right shift, plotted in FIG.
9B.

[0036] FIGS. 10A and 10B depict graphs of calculated DMD waveform plots for the
same two fibers characterized in FIGS. 9A and 9B, respectively.

[0037] FIG. 11A depicts a graph of measured minEMBc¢ using a standard test method, in
accordance with one embodiment of the present invention.

[0038] FIG. 11B depicts a graph of a newly calculated and convoluted minEMBc, in
accordance with one embodiment of the present invention.

[0039] FIG. 11C depicts a graph of measured DMD, Inner Mask specification, using a
standard test method, in accordance with one embodiment of the present invention.

[0040] FIG. 11D depicts a graph of newly calculated and convoluted DMD, Innef Mask
specification, in accordance with one embodiment of the present invention.

[0041] FIG. 12 depicts a graph of calculated minEMBc for three transceivers with
different A, in accordance with one embodiment of the present invention.

[0042] FIG. 13 depicts a graph of DMD compensation required to maximize the
calculated fiber bandwidth for minEMBc, in accordance with one embodiment of the

present invention.
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[0043] FIG. 14 depicts a graph of a fiber sample A 3dB bandwidth measurements using
five different transceivers, in accordance with one embodiment of the present invention.
[0044] FIG. 15 depicts a perspective view of a transceiver showing a transmitter optical
sub-assembly (TOSA), in accordance with one embodiment of the present invention.
[0045] FIG. 16 depicts a cross-sectional schematic of a TOSA, in accordance with one
embodiment of the present invention.

[0046] FIG. 17 depicts a cross-sectional schematic of a TOSA having components which
are precise and well-aligned, in accordance with one embodiment of the present
invention.

[0047] FIG. 18 depicts a cross-sectional schematic of a TOSA having components which
are not precise and well-aligned, in accordance with one embodiment of the present
invention.

[0048] FIG. 19 depicts an experimental setup used to measure a fiber-coupled spatial
spectral distribution for multimode fiber transceivers, in accordance with one
embodiment of the present invention.

[0049] FIG. 20 depicts a graph showing a measured fiber-coupled spectrum at two
different fiber core radii: r = Oum and r = 24um for a particular transceiver, in accordance
with one embodiment of the present invention.

[0050] FIG. 21 depicts a graph showing a charige in calculated central wavelength across
a fiber core for a first and second transceiver, in accordance with one embodiment of the
present invention.

[0051] FIG. 22 depicts a histogram of the maximum difference in a fiber-coupled central

wavelength across the core of a reference multimode fiber for thirty-eight short
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wavelength, high bit rate, multimode fiber transceivers, in accordance with one
embodiment of the present invention.

[0052] FIG. 23 depicts a graph showing calculated probability distributions of minimum
optical link distances for: 1) links comprising TOSAs that do not specifically control
fiber-coupled spatial spectral distribution and a fiber designed to generally compensate
for this wide distribution; and 2) links comprising TOSAs with specifically controlled
fiber-coupled spatial spectral distributions and a fiber designed to precisely compensate
for material dispersion with modal dispersion, in accordance with one embodiment of the
present invention.

DETAILED DESCRIPTION

[0053] The present invention makes use of the discovery that due to the radially
dependent wavelength emission pattern of VCSELs and the manner in which light is
coupled into the fiber, the fiber-coupled modes have spectral components that depend on
fiber radii and result in a chromatic or material dispersion effect that cannot be neglected.
FIG. 1 illustrates the optical spectrums of the modes propagating in a MMF for five radial
offsets across the fiber core. The center wavelength, or central wavelength, for each
radial spectrum 1s indicated by the down arrow.  As shown in FIG. 1, for this particular
optical transmitter, on average the central wavelength of a fiber mode shifts to a shorter
wavelength for larger radial offsets. This radial wavelength dependence causes fiber
modes to undergo a chromatic or material dispersion relative to each other in addition to
modal dispersion. Consequently, the refractive index profile must be modified to
compensate for this material dispersion effect and thereby minimize the total dispersion
realized by a fiber and transmitter combination.

[0054] The present invention also makes use of the discovery that high-order VCSEL

11
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modes may be coupled into high-order fiber modes as shown in FIG. 17, by requiring
more precise TOSA components and more precise alignment of the TOSA components
during the manufacturing process to take into account the effects of material dispersion as
well as modal dispersion.

[0055] In one aspect, the present invention describes a new DMD specification for laser
optimized multimode fiber that compensates modal and material dispersion effects caused
by the radially dependent shift in wavelengths of the fiber modes. The required
compensation depends on the spatial spectral characteristics of the VCSEL, the coupling
of the VCSEL modes into fiber modes, and the modal dispersion properties of the fiber.
MMF designed to compensate for the radial shift in wavelength will exhibit reduced total
dispersion and improved system performance. Since current DMD and Effective Modal
Bandwidth (EMB) test methods neglect the radial wavelength dependence of the fiber
modes, they do not accurately characterize the modal dispersion or bandwidth
performance realized in a transmission system. To verify the new DMD specification, we
applied an improved algorithm for calculating DMD and bandwidth, as disclosed in U.S.
Patent Application Serial No. 61/237,827, to calculate the DMD and EMB for a sample
set of VCSELSs for varying amounts of material dispersion compensation.

[0056] The test method used to characterize the bandwidth of laser optimized MMF is
DMD, specified in the TIA-455-220-A standard. DMD is a measure of the difference in
propagation delay between the fastest and slowest modes traversing a MMF expressed in
units of ps/m, while the effect of chromatic dispersion is minimized. The larger the
relative delay between modes, the larger the dispersion (i.e. modal dispersion). To
measure the DMD, an optical reference pulse emitted from the end of a single-mode

launch fiber is stepped across the core of the MMF under test. For each radial offset, the
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propagation delay of the resultant output pulse is recorded by a sampling oscilloscope, as
illustrated in FIG. 2.

[0057] The output waveform contains only those modes excited by the launch pulse for a
given radial offset. In‘this measurement the spectral characteristics of the launch pulse
remain constant. To compute the DMD, the set of output waveforms for each of the
radial offsets (0 to 24um) are first recorded. A plot of the waveforms is shown in FIG. 3.
The plot shows the relative pulse delay, or “relative time” in picoseconds per meter
(ps/m) at the output end of the fiber (x-axis) as a function of the radial offset of a launch
pulse (y-axis) as measured from the core center. The DMD is determined by measuring
the difference in pulse delay between the leading edge of the fastest pulse and the trailing
edge of the slowest pulse. From this difference we subtract the temporal width of the
launch pulse, which yields the modal dispersion of the fiber. To specify the fiber as OM3
or OM4, the DMD must meet minimum dispersion values within several radial regions of
the core.

[0058] Currently, it is generally believed that the DMD waveform plot that minimizes
modal dispersion is when all the radially offset waveforms arrive at the output of the fiber
at the same time as shown in FIG. 4A. This is true if each of the radial fiber modes
(output waveforms) is excited by launch pulses having the same spectral characteristics.
However, since higher-order VCSEL modes emitted into larger launch angles have
shorter wavelengths, on average, than those modes emitted into smaller launch angles
(see FIG. 5), that assumption is not valid. When VCSEL modes are coupled into the
fiber, low-order modes and high-order modes undergo different amounts of material
dispersion in addition to modal dispersion. Material dispersion occurs because the

refractive index of a material changes with wavelength, i.e.,
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dn
[0059] ' #0 3)

[0060] Using the algorithm disclosed in US Patent Application Serial No. 61/237,827, we
calculated the DMD for the transmitter used in a Bit Error Rate (BER) test system for a
simulated fiber having an ideal DMD waveform. The difference in center wavelength
across the core of the fiber for this VCSEL is 0.72nm. Applying the new algorithm, we
see that the calculated DMD waveforms (FIG. 4B) at larger radial offsets are shifted to
the right (i.e. longer delays) due to material dispersion. Hence, the traditional “ideal”
parabolic refractive index profile that yields a DMD with all waveforms temporally
aligned is not optimum for this VCSEL. To minimize total dispersion (or maximize
system bandwidth) the core refractive index profile of MMF must be modified to
compensate for the relative material dispersion (or chromatic dispersion) of the fiber
modes. Given the spectral characteristics of a laser, the required compensation can be
calculated using the algorithm disclosed in U.S. Patent Application Serial No.
61/237,827. The algorithm disclosed in U.S. Patent Application Serial No. 61/237,827
provides a more accurate characterization of the system performance of a MMF channel
link.

[0061] In general, VCSEL transceivers used in high-speed data communication networks
exhibit a spatially dependent wavelength emission pattern that, when coupled into fiber,
produces a wavelength dependency in the supported guided modes. Although other

parameters to quantify the radial dependence of the fiber-coupled spectrum may be used,
we define a new parameter Alc, to be the maximum difference in center wavelength
between the radial spectrums across the core of a MMF. Based on a statistical
distribution of Ak for a representative set of optical transceivers for 10Gbps Ethernet

14



WO 2012/054172 PCT/US2011/052776

(10GBASE-SR), and 8Gb/s Fibre Channel, a new DMD specification is proposed for the
design and fabrication of laser-optimized MMF. The new DMD specification

compensates for the radially dependent shift in wavelengths of the optical channel. As an
example, in FIG. 5 we show Al for a sample 10Gb/s transceiver, where, Akc = 0.53nm.
We note that if the coupled optical power is restricted to a small region of the fiber core,
then the compensation must be adjusted based on Ak for the reduced radial region.

[0062] By modifying the refractive index profile, we can adjust the speed of the guided
modes to compensate for the effect of material dispersion based on the distribution of
wavelengths. As a result, an improved MMF having reduced total dispersion can be
realized. The modifications to the refractive index profile can be quantified using DMD
waveform data which characterizes the modal propagation delays in the fiber.

[0063] We can quantify the material dispersion in MMF by measuring the wavelength-
dependent time of flight of guided modes. One method, as used herein, is to tune the
wavelength of a titanium-sapphire laser used in a DMD measurement test bed. Clearly,
other laser devices can be used including tunable and fixed wavelength lasers. Since the
maximum difference in refractive index across the fiber core is small (<1%), in general it
is only necessary to characterize the wavelength-dependent time of flight for fiber-
coupled modes corresponding to one radial offset.

[0064] With reference to FIG. 6, the time of flight is plotted for two radial launch offsets,

5 and 19um, propagating through a 550m length of MMF. Each of the two curves in
FIG. 6 quantifies the material dispersion of the fiber, 7(1). Longer wavelengths have

shorter delay times and therefore travel faster. The vertical shift in the curves is due to

the difference in modal propagation delay, or modal dispersion, between the two radial
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modes and is not related to material dispersion. The data shows the slopes of the two
curves are almost the same. By converting the absolute time of flight data shown in FIG.
6 to relative delay in picoseconds per meter (ps/m), we can relate the effects of material
and modal dispersion, where the delay due to modal dispersion is derived from DMD
waveform data.

[0065] With reference to FIG. 7, the delay due to material dispersion for the 5um offset is
plotted. The data points for the 19um are not shown in FIG. 7 since they are nearly
identical.

[0066] The time of flight data in FIGS. 6 and 7 are for a test fiber that exhibits
significantly higher system performance than predicted by current DMD and EMB
metrics. With reference to FIG. 3, analysis of the fiber’s DMD data shows that the high-
order modes at 19um offset traverse the fiber faster than the low-order modes at 5um,
offset by about 0.066ps/m, which is the modal dispersion. When excited by the VCSEL
transmitter, the modes for these two radial offsets (5 and 19um offsets) will differ in
center wavelength. Spectral analysis of the fiber modes when excited by the VCSEL
used reveals that the modes at 19um offset have a central wavelength of about 848.1nm,
whereas the modes at Sum offset have a central wavelength of 848.8nm. From the time
of flight (TOF) curve shown in FIG. 7, we see that this difference in central wavelength
corresponds to a difference in relative time delay of 0.070ps/m. However, since the
optical spectrum of high-order modes at 19um have shorter center wavelengths, on
average the modes travel slower. Therefore, the negative material dispersion (-
0.070ps/m) will compensate for the positive modal dispersion (+0.066ps/m) reducing the
total system dispersion to 0.004ps/m. Hence, the fiber introduces little dispersion and

performs better than predicted by conventional DMD and EMB measurement methods.
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This asymmetry in DMD waveform radial delay is not considered in the current, standard
test methods.

[0067] For a given laser source or TOSA and radial variation in central wavelength of the
coupled fiber modes, we can calculate the relative delay the fiber modes will undergo due
to material dispersion. The refractive index of the fiber can then be modified so that
modes will travel faster or slower, on average, to compensate for material dispersion. For
an emission pattern that emits shorter wavelengths into larger angles (e.g., VCSELs),
when coupled into the fiber, high-order fiber modes will travel relatively slower than low-
order modes. In this case, the refractive index must be reduced at larger radial offsets so
that high-order modes travel faster. The objective is to balance the relative delays of the
guided fiber modes with the wavelength-dependent material dispersion the modes will
undergo so that the resultant total dispersion is minimized. Once the relative delays
required to compensate for material dispersion are known, the necessary adjustments to
the refractive index profile can be made. The required change in refractive index can be

calculated by its relationship to the mode phase velocity,

[0068] n(1)=—— (4)

v (/1 )

E

[0069] where c 1s the speed of light (299,792,458m/s), and v is the mode phase velocity
(m/s).
[0070] Since each transceiver exhibits a unique spatial spectral distribution, the difference

in radial spectrum central wavelengths (AAc) must be estimated for a nominal transceiver

that will minimize the effect of material or chromatic dispersion. An accurate
understanding of the coupling of VCSELs’ wavelength-dependent spatial emission

patterns into MMF will lead to an improved design parameter. If different classes of
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VCSEL transceivers (for example those used for Fibre Channel and those used for
Ethernet) exhibit different radially dependent wavelength emission patterns, the optimum
fiber design parameters can be determined for each application. It may be practical to
sort fiber for application specific performance (“tailored” MMF).

[0071] As an example, the effect of material dispersion has been compensated for a
randomly selected VCSEL having a Aic of 0.53nm. For this VCSEL, the refractive index

profile should be adjusted so that the DMD waveforms peaks exhibit an overall relative

shift in delay of about -0.04ps/m from 0 to 24um, with shorter delay for larger radii. The
compensation depends on both the AAc and the radial region of the core in which the

modes are excited. One embodiment of the modified refractive index profile is to design
for a monotonic shift in delay across the core of the fiber, as illustrated in FIG. 8A. The
shift shown in FIG. 8A results in a 0.09ps/m delay from 0 to 24um (a “left-tilted” shift).
However, depending on the laser source wavelength emission pattern and the fiber
coupling characteristics, other radial shifts might be more appropriate. The calculated
DMD waveforms (using the time domain algorithm disclosed in U.S. Patent Application
Serial No. 61/237,827) are shown in FIG. 8B. Close inspection of the calculated
waveforms shows that the relative delays are nearly aligned, which results in low total
dispersion.

[0072] To verify the new DMD specification, the new algorithm was applied to the two
sample fibers whose DMD waveforms are shown in FIGS. 9A and 9B. Based on the
current test method, the measured DMDs and EMBs for these two fibers are virtually
identical (with an EMB of approximately 4543MHz*km), yet their measured Bit Error

Rate (BER) system performances differ by more than two orders in magnitude, where
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fiber (a) exhibits higher system performance. We note that although the DMDs for these
two fibers are the same, the peaks of their radial waveforms shift in opposite directions
(delay) at larger radii (“left” vs. “right” shifted fiber).

[0073] Using the algorithm, the calculated DMD waveforms for these two fibers for the
spectral characteristics of our BER test system VCSEL are presented in FIGS. 10A and
10B. We see that the DMD waveforms in FIG. 10A are more aligned than those in FIG.
9A. Whereas the DMD waveforms in FIG. 10B are shifted more to the right (at larger
radii) than those in FIG. 9B. The minimum calculated bandwidth (minEMBc) for these
two fibers are 3524MHz*km and 2913MHz*km predicting a 20% difference in
bandwidth. The specified bandwidth of the fiber (EMB) is related to calculated minimum
EMB (minEMBc) by a factor of 1.13, i.e., EMB = 1.13 x minEMBec. This difference in
calculated bandwidth is also observed in the new calculated DMD. Hence, the algorithm
disclosed in U.S. Patent Application Serial No. 61/237,827 correctly predicts the
observed difference in system performance between these two fibers.

[0074] Applying the algorithm to all fibers in a cable we can compare the standard and
predicted minEMBc and DMD (Inner Mask specification) metrics with BER system
performance, as shown in FIGS. 11A, 11B, 11C, and 11D. The predicted metrics of
FIGS. 11B and 11D, show a much improved correlation to measured system performance
(R?=0.58 vs. R?=0.93) and DMD (R*= 0.76 vs. R*= 0.96).

[0075] FIG. 11A depicts a graph of measured minEMBc¢ using a standard test method, in
accordance with one embodiment of the present invention. FIG. 11B depicts a graph of a
newly calculated and convoluted minEMBc, in accordance with one embodiment of the
present invention. FIG. 11C depicts a graph of measured DMD, Inner Mask

specification, using a standard test method, in accordance with one embodiment of the
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present invention. FIG. 11D depicts a graph of newly calculated and convoluted DMD,
Inner Mask specification, in accordance with one embodiment of the present invention.

[0076] The new algorithm disclosed in US Patent Application Serial No. 61/237,827 can
be extended to the design specifications of MMF fiber by characterizing the shift in DMD
required to compensate for the average VCSEL and radial wavelength distribution in
coupled fiber modes. The compensation is defined as the monotonic shift in the DMD

waveform peaks across the core of the fiber, 0 to 24um offsets. To determine the shift
needed to compensate for the effect of A, the minEMBc are calculated for a set of

simulated fibers with different amounts of linear DMD shift (as shown in FIG. 8A for a
0.09ps/m shift from 0 to 24pm). With reference to FIG. 12, the calculated minEMBc¢ (for
three representative transceivers selected to cover the sampled range in FIG. 8) are plotted
for varying degrees of DMD compensation. The curve labeled “unconvoluted” depicts
the decrease in minEMBc as we increase the amount of compensation (shift in DMD
waveforms). The standard algorithm predicts a higher value of minEMBc when all the
waveforms are aligned (zero DMD compensation for “unconvoluted” curve).

[0077] With reference to FIG. 13, by extracting the maximum new calculated minEMBc

for each of the curves in FIG. 12, the optimum DMD compensation for a given
transceiver (Alc¢) can be determined.

[0078] Based on an analysis of our sample set of 10GBASE-SR compliant transceivers
(18 devices) we should compensate for an average Aic of 0.4nm. Using FIG. 13, the

required compensation from 0 — 24um is -0.04ps/m for 10Gbps Ethernet.
[0079] The DMD compensation for the sample fiber discussed above is close to this
predicted optimum compensation value of -0.04ps/m (from 0 — 24um). The 3dB
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bandwidth for this fiber was measured using 5 different VCSEL transceivers. The optical

spectrum of each of the VCSELs was measured across the core of the fiber. The
correlation between measured bandwidth and AAc for a sample fiber using five different
VCSEL transceivers is plotted in FIG. 14. The data verifies the maximum calculated
bandwidth for this fiber is obtained for a Aic of 0.4nm.

[0080] The new DMD specification disclosed herein should replace the current “ideal”
DMD design metric. It is recognized that in practice, typical DMD waveform plots
exhibit multiple radial delay shifts and mode splitting as a result of variations in the
fabrication process. This does not detract from the basic design requirement for a new
target refractive index profile as proposed herein. Assuming we design for a nominal
transceiver, the fundamental requirement for improved MMF system performance is that
the refractive index profile is biased such that the resultant DMD waveform plot shows a
relative shift to lower propagation delays at larger radial offsets (“left” shifted). One
acceptable metric is to insure the difference in delay between the 19um and Sum radial
offsets is a negative number. Clearly, other radial offsets can be used; however we have
found these values provide the best correlation to measured system performance.

[0081] For improved channel link performance it is proposed that the refractive index
profile of laser optimized MMF be modified to compensate for the radially-dependent
variation in center wavelength of the fiber modes when excited by VCSEL transceivers.
For 10GBASE-SR compliant VCSEL transceivers, the refractive index profile should be
modified so that the DMD waveform peaks exhibit a monotonic shift to shorter delays for
increasing radial offsets. The proposed shift in DMD waveform peaks is -0.04ps/m over

the range of 0 to 24um. This value compensates for the average VCSEL transmitter and
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wavelength distribution of coupled fiber modes.

[0082] 1t is understood that for VCSEL transceivers or other sources that exhibit different
radial dependent emission patterns, a different compensation will be required to correct
for the radial variation in wavelengths. If the fiber-coupled modes exhibit a reversed
radial dependent wavelength distribution (i.e., longer wavelengths coupled into high-
order modes), the DMD compensation should be positive instead of negative. In general,
any radial dependent wavelength distribution can be compensated for reduced total
dispersion.

[0083] Due to variations in the fabrication process, the dispersion compensation for laser
optimized MMF as specified herein (for 10Gb/s Ethernet or high-speed Fibre Channel)
shall meet a DMD waveform profile requirement of a left shift metric between Ops/m and
0.-0.14ps/m for OM4 type MMF and Ops/m and -0.33ps/m for OM3 type fiber, i.e.,

[0084] —0.14ps/m < (delay at 19um — delay at 5um) < 0.0ps/m  for OM4 and
—0.33ps/m < (delay at 19um — delay at 5um) < 0.0ps/m. In this manner, using
this DMD waveform profile requirement, MMF can be manufactured which compensates
for material dispersions as well as modal dispersions.

[0085] Based on a representative sample population of 10GBASE-SR and 2G/4G/8G
Fiber Channel transceivers, it was empirically determined that the total dispersion of a
transmitter and fiber system can be minimized for a DMD delay shift for OM4 type fiber
between -0.01ps/m and -0.04ps/m.

[0086] In one aspect, the present invention provides for an optical transceiver comprising
a transmitter optical sub-assembly (TOSA) that produces both a range of fiber-coupled
optical power and a specified fiber-coupled spatial spectral distribution which

compensates for material dispersion and modal dispersion effects.
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[0087] Although any fiber coupled spatial spectral distribution with appreciable slope
across the fiber core may result in material dispersion that may be compensated with an
appropriately designed fiber, one preferred embodiment of the present invention, is to
couple high-order VCSEL modes into high-order fiber modes, as shown in FIG. 17. This
can be achieved by requiring more precise components within the TOSA and more
precise control of the TOSA alignment during the manufacturing process. Preferably, the
alignment of components within the TOSA is to a tolerance which is within 1 mm or less,
and the components within the TOSA are manufactured to tolerances which are within 1
mm or less. Experimental data suggest this particular embodiment results in larger
spectral distributions across the fiber core thereby offering a greater material dispersion
effect that may be used for compensation.

[0088] Although it has been stated that material dispersion may be compensated by modal
dispersion, for moderate bandwidth laser optimized fibers with effective modal
bandwidths (EMBs) below 8 GHzekm and commercially available transceivers, the
effects of modal dispersion are greater in magnitude than material dispersion and so it
may be customary to say modal dispersion may be at least partially compensated by
material dispersion.

[0089] With reference to FIGS. 19, 20, and 21, a series of experiments are represented
which quantify the fiber coupled spatial spectral distribution for short wavelength, high
bit rate, multimode fiber transceivers which are compliant with 10 Gb/s Ethernet and
8 Gb/s Fibre Channel standards. In these experiments, an unmodified transceiver 142
was powered up and modulated with either a 10 Gb/s or an 8 Gb/s Pseudo Random
Binary Sequence (PRBS). The output of the transceiver 142 was coupled by mating an

MMEF patch cord 148 with an appropriate connector (LC) to the transceiver 142, The
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end-face of the distal end of the MMF patch cord 1k48 was aligned and then scanned with
a single-mode fiber (SMF) patch cord 150 using a micro-positioning stage 144 and
coupled into an optical spectrum analyzer (OSA) 146. With this experimental
configuration, a fiber coupled spectrum was quantified across the core of the MMF patch
cord 148.

[0090] FIG. 20 illustrates measured fiber coupled spectrum at two different fiber core
radii: r = Oum and r = 24pm for a particular transceiver. Note, that although the spectral
components are largely similar, their magnitudes are not and therefore the calculated
central wavelengths, A., are different. The A, at r=0um is 849.7nm, while the A,
atr = 24um 1s 849.2nm.

[0091] With reference to FIG. 21, a calculated change in central wavelength, AA,
(Ahe = Ae — Ag minimum) across a fiber core for two different transceivers is provided. It is
understood that other metrics can be used to characterize the fiber coupled wavelength
variation. Fiber coupled modes for transceiver A exhibit a decreasing A, versus fiber core
offset for transceiver B where the spectrum has a higher amplitude of shorter
wavelengths. From this information, it may be inferred that components within the first
TOSA for transceiver A are precise and in good alignment. Conversely, the fiber coupled
modes for transceiver B exhibits an increasing X versus fiber core offset corresponding to
the situation in which lower-order VCSEL modes, are coupled into higher-order fiber
modes. Moreover, it can be inferred that the components within the second TOSA for
transceiver B are imprecise and/or are not in good alignment. In summary, the magnitude
and uniformity of the center wavelength variation depends on the VCSEL and optical

sub-assembly alignment. This fiber coupled spatial spectral distribution, along with
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inherent dispersive properties of glass which cause index of refraction to vary with
wavelength, results in material dispersion.

[0092] In traditional MMF, within the 850nm wavelength region, the refractive index
decreases with increasing wavelength and so shorter wavelength radiation travels slightly
slower, due to the increased refractive index, than longer wavelength radiation.
Knowledge of a specific fiber coupled spatial spectral distribution may be used to
determine both the effects of material dispersion and also the specific amount (the
direction and the magnitude) of modal dispersion that may perfectly compensate and
nullify material dispersion. Therefore a fiber can be intentionally designed and fabricated
to possess a particular amount of modal dispersion that will effectively balance the
material dispersion resulting from a particular fiber coupled spectral distribution.
Although the material dispersion effects resulting from a particular transceiver/TOSA
may be well compensated for with a specially designed fiber refractive index profile, it is
commercially impractical to optimize fiber and transceiver combinations individually;
instead, this compensation must be performed en masse.

[0093] In an effort to better understand the range of transceiver fiber coupled spatial
spectral distributions, the difference in fiber coupled central wavelength between the
inner fiber core region, Oum to Sum, and outer fiber core region, 19 pm to 24 pm, for
thirty-eight short wavelength, high bit rate, multimode fiber transceivers was determined.
Twenty-four of the transceivers were compliant with 10 Gb/s Ethernet and fourteen were
compliant 8 Gb/s Fibre Channel. These transceivers were manufactured by several
suppliers including Finisar Corporation of Sunnyvale, CA, Avago Technologies of San
José, CA, Fiberxon Inc., and JDS Uniphase of Milpitas, CA. A histogram of this data is

provided in FIG. 22. The sign convention of AA, was defined such that if A, in the inner
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region, Opm to 10um, >2. in the outer region, 1lum to 24pm Ak, is positive.
Transceiver A in FIG. 21 had AL, = 0.621nm and Transceiver B in FIG. 21 had Ax, = -
0.29nm

[0094] Unfortunately, as is shown in FIG. 22, there is considerable spread in the
calculated delta central wavelength across the fiber core for the population of transceivers
tested and therefore, there is a correspondingly large spread in dispersion that must be
compensated for by the fiber’s modal dispersion. Consequently, for well-compensated
systems, numerous fibers would need to be designed and manufactured to accommodate
the diversity of this population. Moreover, since the fiber and transceiver are typically
installed at different times it is impractical to match a particular fiber with a particular
transceiver.

[0095] An alternate, less advantageous, embodiment is to couple the VCSEL modes such
that the specified fiber coupled spatial spectral distribution has minimal spatial
dependence. This particular embodiment would realize a minimal total dispersion when
the fiber had minimum modal dispersion and the system would be limited by the effects
of material dispersion. However, it should be noted that a well-compensated system
would realize reduced total dispersion due to the fact that both modal and material
dispersive effects can effectively be compensated.

[0096] The advantages of this invention are that it will facilitate higher performance
optical links due to the fact that the total dispersion, including modal and material effects,
can be minimized via precise dispersion compensation. Alternatively, due to the wide
variation in fiber coupled spatial spectral distribution, modal and material dispersion can
only be partially compensated by designing a fiber such that it optimizes the performance

across the entire population.

26



WO 2012/054172 PCT/US2011/052776

[0097] With reference to FIG. 23, shown are calculated probability distributions of the
minimum optical link distances for: 1) links comprising TOSAs that do not specifically
control fiber coupled spatial spectral distribution and therefore represented by FIG. 22
and a fiber designed to generally compensate for this wide distribution; and 2) links
comprising TOSAs with specifically controlled fiber coupled spatial spectral distributions
and a fiber designed to precisely compensate for this material dispersion with modal
dispersion.

[0098] As a result, one aspect of the present invention allows for a method for
compensating for both material dispersion and modal dispersion effects in a multimode
fiber transmitter optical sub-assembly. The method comprises measuring a fiber coupled
spatial spectral distribution of the multimode fiber transmitter optical sub-assembly
connected with a reference multimode fiber optic cable and determining the amount of
material dispersion and modal dispersion present in the reference multimode fiber optic
cable. Once the amounts of material dispersion and modal dispersion present is
determined, then a TOSA or an improved MMF can be designed which compensates for
at least a portion of the material dispersion and modal dispersion present in the reference
multimode fiber optic cable resulting from the multimode fiber transmitter optical
sub-assembly. This allows for transmission of optical signals within the MMF with
increased bandwidth.

[0099] While particular aspects of the present subject matter described herein have been
shown and described, it will be apparent to those skilled in the art that, based upon the
teachings herein, changes and modifications may be made without departing from the
subject matter described herein and its broader aspects and, therefore, the appended

claims are to encompass within their scope all such changes and modifications as are
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within the true spirit and scope of the subject matter described herein. Furthermore, it is
to be understood that the invention is defined by the appended claims. Accordingly, the
invention is not to be restricted except in light of the appended claims and their

equivalents.
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CLAIMS
1. A method for compensating for both material or chromatic dispersion and modal
dispersion effects in a multimode fiber transmission system comprising:

measuring a fiber-coupled spatial spectral distribution of the multimode fiber laser
transmitter connected with a reference multimode fiber optical cable;

determining the amount of chromatic dispersion and modal dispersion present in
the reference multimode fiber optic cable; and

designing an improved multimode fiber optic cable which compensates for at least
a portion of the chromatic dispersion and modal dispersion present in the reference
multimode fiber optic cable resulting from the transmitter’s fiber-coupled spatial spectral

distribution.

2. The method of claim 1, wherein the multimode fiber optic transmitter comprises
an optical sub-assembly for coupling the laser output emission pattern into a multimode

fiber.

3. The method of claim 1, wherein the measuring of the fiber-coupled spatial spectral
distribution includes:

generating an optical signal with a power source connected with an input of a
multimode fiber transmitter;

coupling an output of the multimode fiber laser transmitter with an input of a
reference multimode fiber optic cable;

coupling an output of the reference multimode fiber optic cable with an input of a

single-mode fiber optic cable using a micro-positioning stage;

29



WO 2012/054172 PCT/US2011/052776

coupling an output of the single-mode fiber optic cable with an input of an optical
spectrum analyzer;

determining the spectral distribution for at least a first and second fiber core radii;

and

calculating the change in the spectral distribution between a first and second fiber
core radii.
4, The method of claim 1, further comprising packaging the improved multimode

fiber optic cable with the multimode fiber transmitter.

5. The method of claim 1, wherein the discrete wavelengths and their relative
amplitudes for each radial offset optical spectrum is used to calculate the DMD
compensation to balance at least a portion of the modal dispersion with chromatic

dispersion.

6. A method for compensating for both chromatic dispersion and modal dispersion
effects in a multimode fiber transmitter optical sub-assembly comprising:

measuring a fiber-coupled spatial spectral distribution of the multimode fiber
transmitter optical sub-assembly connected with a reference multimode fiber optic cable;
and

determining the amount of chromatic dispersion and modal dispersion present in

the reference multimode fiber optic cable.
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7. The method of claim 6, wherein the output of the multimode fiber optical sub-
assembly is used for selecting an improved multimode fiber optic cable which
compensates for at least a portion of the chromatic dispersion and modal dispersion
present in the reference multimode fiber optic cable resulting from the multimode fiber

transmitter optical sub-assembly.

8. The method of claim 6, wherein the measuring of the fiber-coupled spatial spectral
distribution includes:

generating an optical signal with a power source connected with an input of the
multimode fiber transmitter optical sub-assembly;

coupling an output of the multimode fiber transmitter optical sub-assembly with
an input of the reference multimode fiber optic cable;

coupling an output of the reference multimode fiber optic cable with an input of a
single-mode fiber optic cable using a micro-positioning stage;

coupling an output of the single-mode fiber optic cable with an input of an optical
spectrum analyzer;

determining the spectral for at least a first and second fiber core radii; and

calculating the change in the spectral distribution between the first and second

fiber core radii.

9. The method of claim 6, further comprising packaging the improved multimode

fiber optic cable with the multimode fiber transmitter optical sub-assembly.

10. A method for compensating for both chromatic dispersion and modal dispersion

effects in a reference multimode fiber transmitter optical sub-assembly comprising:
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measuring a fiber-coupled spatial spectral distribution of the reference multimode
fiber transmitter optical sub-assembly connected with a reference multimode fiber optic
cable;

determining the amount of chromatic dispersion and modal dispersion present in
the reference multimode fiber optic cable; and

designing an improved multimode fiber transmitter optical sub-assembly, which
compensates for at least a portion of the chromatic dispersion and modal dispersion

present in the reference multimode fiber optic cable.

11. The method of claim 10, further comprising packaging the reference multimode

fiber optic cable with the improved multimode fiber transmitter optical sub-assembly.

12. The method of claim 10, wherein the measuring of the fiber-coupled signal spatial
spectral distribution includes:

generating an optical signal with a power source connected with an input of the
reference multimode fiber transmitter optical sub-assembly;

coupling and output of the reference multimode fiber transmitter optical sub-
assembly with an input of the reference multimode fiber optic cable;

coupling an output of the reference multimode fiber optic cable with an input of a
single-mode fiber optic cable using a micro-positioning stage;

coupling an output of the single-mode fiber optic cable with an input of an optical
spectrum analyzer;

determining the spectral distribution for at least a first and second fiber core radii;

and
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calculating the change in the spectral distribution between the first and second

fiber core radii.

13. The method of claim 12, wherein an imaging system is used to determine the
output spatial spectral distribution of the transmitter optical sub-assembly to compensate

the effects of chromatic and modal dispersion in a MMF transmission system.

14. A method for compensating for both chromatic dispersidn and modal dispersion
effects in a multimode fiber optic cable comprising:

generating an optical signal into a reference multimode fiber optic cable;

measuring a wavelength dependant time of flight for a plurality of guided modes
of the optical signal in the reference multimode fiber optic cable;

determining the amount of chromatic dispersion and modal dispersion present in
the reference multimode fiber cable; and

designing an improved multimode fiber optic cable which compensates for at least
a portion of the chromatic dispersion and modal dispersion present in the reference

multimode fiber optic cable.
15.  The method of claim 14, wherein the differential mode delay (DMD) of the

improved multimode fiber optic cable has a DMD designed to compensate for the

chromatic dispersion and modal dispersion in a fiber optic transmission system.
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16.  The method of claim 14 wherein the measured shift in DMD waveform profile has
a value between —0.14ps/m < (delay at 19um — delay at 5um) < 0.0ps/m for
OM4 type multimode fiber optic cable and —0.33ps/m < (delay at 19um —

- delay at 5um<0.0ps/m for OM3 type multimode fiber optic cable.
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