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To support the increasing deployment for L0GBASE-S Ethernet switch port infrastructure, the Institute of
Electrical and Electronics Engineers (IEEE) Standards Association is actively developing the next
generation Ethernet Standard for 40/100 Gigabit Ethernet (GbE) Physical Layer Device (PHY) and
Physical Media Dependent (PMD) sub-layers. The standard is scheduled for ratification in mid-to-late
2010, and will support two different data rates for next generation networks: 1, 40 GbE for servers, high
performance computing clusters (HPC), blade servers, Storage Area Networks (SAN), network attached
storage; and 2, 100 GbE for core network switching, routing, aggregation in data centers, internet
exchanges and service provider peering points for high bandwidth applications such as video-on-demand.
This paper discusses the parameters governing multimode fiber performance at higher data rates and
relates these parameters to measured channel performance.

SMF and MMF Solutions at High Speeds Will Differ

The new Ethernet standard (designated 802.3ba) will define both singlemode fiber (SMF) and multimode
fiber (MMF) to support the maximum reach objectives listed in Table 1. It is estimated that 100% of
HPC, Access-to-Client channels, almost 90% of Distribution-to-Access channels, and nearly 85% of
Core-to-Distribution channel links can be supported by a 100m MMF reach.™ It is anticipated that the
PHY that supports 100m will be the most common, with singlemode solutions to support distances of
10km and 40km for long reach core networking.

Minimum Reach
PHY
100m 10km 40km
40GbE MMF SMF Not Supported
100GbE MMF SMF SMF

Table 1: Minimum reach for 40 and 100 GbE.

To ensure full coverage within the data center, the initial MMF channel reach objective will likely be
extended to 150m over laser optimized OM3 fiber with a minimum Effective Modal Bandwidth (EMB) of
2000MHz-km, and to 250m over enhanced MMF with a minimum EMB of 4700MHz-km. This higher
bandwidth MMF is referred to as OM4 (to be specified by TIA 42).

Singlemode and multimode solutions will utilize different optical technologies. For 10km and 40km
operating distances, Wavelength Division Multiplexing (WDM) transmission over SMF will be specified.
Figure 1 shows the WDM architecture for a 100 GbE SMF channel link. To minimize electrical
requirements, the interface to the optical transceiver will be comprised of ten transmit and ten receive
parallel lanes, each operating at 10 Gb/s. In the case of the transmitter, the 10 Gb/s electrical lanes are
serialized into four 25 Gb/s lanes which drive four discrete Externally Modulated Lasers (EML). Each
laser is tuned to a discrete wavelength in the 1310nm window (1294nm-1310nm) separated by about
4.5nm. The four wavelengths are coupled (or multiplexed) into a single SMF by means of the WDM
device. The wavelengths propagate independently and in parallel, providing a 100 Gb/s aggregate data
rate. At the far end, the four wavelengths are de-multiplexed, distributed to detectors, and amplified by
Transimpedance Amplifiers (TIAs) in the optical receiver. The four 25 Gb/s lanes are then deserialized
back into 10 Gb/s lanes.
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To achieve optimum channel performance, fiber dispersion and attenuation must be minimized across the
spectral range of the laser wavelengths. Standard SMF (as specified in ITU-T G.652A&B) has a zero
dispersion wavelength near 1310nm and will therefore minimize chromatic dispersion. It is anticipated
that LC connectivity will be implemented to minimize the transceiver form factor. This WDM approach is
well known in the telecommunications industry and has been deployed for many years by service
providers.
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Figure 1: Schematic WDM system based on SMF for long reach communication.

For MMF applications, WDM technology is not cost effective and therefore an alternative transmission
method referred to as parallel optics will be employed (Figure 2). For 100 Gb/s transmission, an array of
10 low-cost Vertical Cavity Surface Emitting Lasers (VCSELS) will transmit data simultaneously over 10
separate multimode fibers, with each fiber carrying 10 Gb/s, or 1/10" the data traffic. The optical
interconnect will employ 12- and possibly 24-fiber MPO connector technology in small form factor
transceivers. The transceivers will be based on existing 10GBASE-S technology designed for 300m
transmission systems with all lasers having the same specified wavelength, but the spectral characteristics
will be relaxed as compared to 10GBASE-S in order to facilitate cost efficiencies. At the receiver, the
signal is detected with a PIN photodetector and amplified with TIAs. The data is resynchronized and
recombined into data packets electronically.
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Figure 2: Schematic parallel optics system utilizing MMF for short reach communication.
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Is your Multimode Fiber right for 100 GbE?

To characterize MMF performance at 40 and 100 Gb/s speeds, certain key performance parameters must
be understood and accounted for in system design. Because traffic is carried over parallel lanes of 4 or 10
discrete fibers (40 or 100 Gb/s respectively), differences in bit transport time over individual fibers must
be kept to a minimum to ensure the data can be resynchronized at the receiver. Ideally, bits transmitted
through a fiber ribbon array arrive at the receivers at the same time. The difference between the fastest
and slowest bit arrival time in a multilane link is called skew. More skew requires more electronic
processing to correct for the skew, resulting in higher power dissipation and latency. The total skew in the
channel is affected by the chromatic and modal dispersion, differences in fiber length, and deviations in
refractive index that may be caused by process variation or stress in the individual fibers.

Chromatic dispersion: When light of different wavelengths propagates in a material, it
does so with different velocities. Vertical Cavity Surface Emitting Lasers (VCSELSs) used
for multimode fiber have a finite spectral width and as a result, a pulse of light containing
spectral content will be dispersed. Chromatic dispersion describes this broadening of the
pulse width and has the effect of reducing signal quality thereby degrading link
performance.

Modal dispersion: Different modes traversing different optical paths in the MMF spread
in time causing pulse broadening. The parameter used to express delay due to modal
dispersion is “Differential Mode Delay” (DMD). From DMD measurements, one can
calculate the Effective Modal Bandwidth (EMBc) of the fiber expressed in units of
MHz-km.

Pulse delay: The velocity of light is determined by the refractive index of the medium.
Stress introduced during the manufacturing process, cabling process or during installation
can result in variations in refractive index from fiber to fiber, causing bits to arrive at the
receivers at different times. In addition, any variation in individual fiber lengths will
result in large differences in bit arrive times.

Some of these parameters are inherent to optical fibers and established during the manufacturing process.
The better the fiber manufacturing process and the tighter the control of process parameters, the better the
guality and the more consistent the optical fiber.

Measuring EMBc and Modal Dispersion

For a fiber to be classified as OM3, the DMD measurement must comply with one of the six DMD masks
templates specified in TIA-455-220-A and IEC 60793-1-49, listed in Table 2. For template #1, if the
measured DMD is less than or equal to 0.23ps/m in the radial core region between 5 and 18um from the
core center (Inner Mask), then the DMD over the entire core (Outer Mask 0-23um radius) must be less
than or equal to 0.70ps/m. If the fiber has a larger DMD in the Inner Mask, the Outer Mask requirement is
more stringent. If the fiber meets or exceeds one of these six templates, the fiber is classified OM3
provided it meets other requirements such as overfill launch (OFL) bandwidth and mechanical
specifications. From the DMD measurement data, one can calculate the bandwidth of the fiber expressed
in terms of calculated Effective Modal Bandwidth (EMBc). Laser optimized OM3 MMF must have a
minimum Effective Modal Bandwidth (EMB) of 2000MHz-km. Similarly, enhanced OM3 (i.e., proposed
OM4) fiber is defined as having a minimum EMB of 4700MHz-km. The EMB of a fiber is specified as
1.13 times EMBc."?
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Inner Mask Outer Mask .
Template No. R=5-18um | R=0-23 um Units
1 <0.23 <0.70 ps/m
2 <0.24 <0.60 ps/m
3 <0.25 <0.50 ps/m
4 <0.26 <0.40 ps/m
5 <0.27 <0.35 ps/m
6 <0.33 <0.33 ps/m
. DMD <= 0.25 ps/m for 6 zm windows
Sliding Mask between 7-13 #m and 13-19 um

Table 2: Maximum values of DMD accepted to qualify as OM3 fiber.

Using our high-resolution DMD measurement system, Panduit research has analyzed modal dispersion in
MMF from several vendors. By modifying the test system, we are able to extend our measurement breath
to include chromatic dispersion and pulse delay in ribbon fiber. These tests lead to a direct calculation of
skew. As a result, we can determine the optimum requirements to ensure high performance for future
40/100 GbE channels.

One result of our tests is that we have determined that some commercial DMD measurement systems do
not accurately characterize fiber bandwidth.®# In Figure 3, the Bit Error Rate (BER) performance is
plotted for 12 fibers in an OM3 ribbon cable that is typical of the cable type that might be found in a data
center installations. The BER is the ratio of the number of measured error bits divided by the total number
of bits transmitted in a given period of time. The green area represents good OM3 performance and the
yellow region represents acceptable performance. The horizontal x-axis is received optical power (units of
dBm) and the vertical y-axis is BER.
BER, 312m, Sample E2, MTP to MTP Cable, 2/12/07
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Figure 3: BER traces of a parallel optics system based on MMF for short reach communication.

As the optical power is reduced (moving from right to left along the x-axis) the BER or number of error
bits increases. For 10 GbE the BER requirement is 10™ for a receiver power of -9.9dBm or below. Our
system emulates worst-case conditions, yielding an acceptable BER performance requirement of 107 for
optical power levels above -9.9dBm. Close inspection of the data for this cable sample shows that 2 of the
12 fibers failed the 10 GbE BER systems test specification. Further DMD analysis concluded that the two
failed fibers were not OM3, in agreement with our BER results. The fiber bandwidths for this cable are
listed in Table 3. It was determined that the fiber vendor’s test equipment used to characterize this cable
made inaccurate DMD measurements.

©2008 PANDUIT Corp. All rights reserved. www.panduit.com 4



Fiber EMB PASS /
No. MHz - km FAIL
1 1686 FAIL
2 1781 FAIL
3 2604 PASS
4 2228 PASS
5 2662 PASS
6 2225 PASS
7 2997 PASS
8 2309 PASS
9 2032 PASS
10 2278 PASS
11 2521 PASS
12 3622 PASS

Table 3: Measured values of EMBc for fibers marketed as OM3 fiber.

Calculating Impact of Total Skew on Fiber Performance

Because we can adjust the wavelength of our DMD test bed, we can measure the pulse delay as a function
of wavelength. From this data, we can calculate fiber chromatic dispersion, modal dispersion and, when
compared against other fibers, total skew. In Figure 4, we plot the pulse delay of one mode for four
different wavelengths. By fitting the data to an equation specified in TIA-455-168A [5], we can calculate
the dispersion slope Sy and zero dispersion wavelength A, for the fiber under test.
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Figure 4: Propagation delay wavelength dependency

Using the fitted parameters, the dispersion slope and the chromatic dispersion coefficient were calculated
for a selected representative fiber. The chromatic dispersion coefficient, D(4), (given in units of
ps/km-nm) is depicted in Figure 5.
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Figure 5: Chromatic dispersion coefficient for representative cabled fiber.

Having the chromatic dispersion coefficient, we can calculate the chromatic dispersion for a VCSEL. We
assume the VCSEL has a center wavelength of 850nm and a maximum spectral width of 0.65nm as
proposed for 100 GbE (100GBASE-SR10). The calculated chromatic dispersion is 0.061ps/m.

Plots of chromatic and modal dispersion for two fiber samples are shown in Figure 6. The chromatic
dispersion curves give the dispersion the signal will suffer when propagating through the fiber for two
VCSEL spectral widths. The lower curve (pink) is for the maximum spectral width of 0.45nm as specified
in the 10GBASE-S standard. The yellow curve represents the relaxed spectral width of 0.65nm as
proposed for 100 GbE. We see that chromatic dispersion in the 850nm wavelength window is less than
0.07ps/m and as a result, this physical effect adds little to skew.
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Figure 6: Dispersion in two fibers of a parallel optics system based on MMF for short reach communication.

For modal dispersion however, we see a much different result. The modal dispersion varies greatly with
wavelength and each of the two modal dispersion curves show a minimum. The minimum corresponds to
the optimized wavelength for that fiber, which is process and vendor dependent. The optimized
wavelength is about 870nm for fiber “A” and about 830nm for fiber “B,” an offset of +/- 20nm from
850nm. Poor control in the fiber manufacturing process may be the cause of the variation of the core
refractive index profile. Consequently, the optimized wavelength can be far from the operating
wavelength, resulting in large modal dispersion.
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Figure 7 shows two DMD plots of the same fiber for two different laser wavelengths, 870nm and 830nm.
The plots show the mode propagation speed in ps/m as a function of radial position from the fiber’s core
center. In this case, the fiber shows a minimum DMD value at 870nm; the corresponding DMD plot
shows that all pulses, independent of radial position, arrive at the fiber output at the same time. The
EMBc at 870nm is 8762MHz-km. This is a very high bandwidth for MMF. At 830nm we see that close to
the edge of the core (beyond 15um radial offset position) the pulse shifts and propagates faster, thereby
increasing the DMD and reducing the EMBc. This may be attributed to defects in the core refraction
index. For this fiber sample, we see that the EMBc is effectively reduced by more than 50% due to
wavelength variations.
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Figure 7: DMD traces of a MMF tested at 830 and 870nm.

In addition, imperfections in the refractive index profile cause additional modal dispersion, as illustrated
in the DMD plot, Figure 8. For light launched into the fiber at an offset radial position near 11um, the
optical pulse speed is about 0.65ps/m; in contrast, for light launched into the fiber near the core center, the
pulse speed is about 0.5ps/m (propagates faster), resulting in a large modal dispersion.
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Figure 8: DMD traces of a MMF with large modal dispersion.
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In addition to chromatic and modal dispersion, we can also measure the time of flight for the same 12-
fiber ribbon cable analyzed in Figure 3. From this data, we calculate the pulse delay for each of the fibers
in the cable. Table 4 lists the measured bit delays for each of the fibers uses in this analysis. Taking the
difference between maximum and minimum pulse delays we get a time difference, At = 740ps. Although
not all fibers meet the OM3 bandwidth requirements, it turns out that the maximum time difference
occurred between two OM3 fibers. For comparative purposes, we can divide At by the cable length of
312m and express the pulse delay resulting from differences in refractive index as 2.37ps/m.

. Delay
Fiber (bs) ps/m
1 -470 -1.51
2 -550 -1.76
3 -530 -1.70
4 -680 -2.18
5 -740 -2.37 |Maximum delay
6 -340 -1.09
7 0 0 Minimum delay
8 -610 -1.96
9 -450 -1.44
10 -710 -2.28
11 -40 -0.13
12 -660 -2.12

Table 4: Pulse delays for 12 fiber ribbon cable.

With the exception of skew arising from fiber stress, we can now tabulate each of the measured
contributions to skew (Table 5). It is convenient to convert each of the time delays for total skew to Unit
Intervals (Ul), where 1UI is the time period of 1 data bit. For 10 GbE, the signaling speed is 10.3125
Gb/s, which has a period for a single bit of 96.97ps.

Chromatic Dispersion Modal D_|sper5|on Time of Flight
(Maximum)
ps Ul ps Ul ps Ul
20.28 0.21 102.96 1.06 740 7.63

Table 5: Contributions to skew tabulated by physical effect.

The total measured skew in units of Ul is,
0.21 Ul +1.06 Ul + 7.63 Ul =8.90 UI

Although the maximum allowable skew for 100GBASE-SR10 remains to be specified, we have shown
that we have the ability to characterize skew for fiber links and certify channel performance for parallel
optics. Furthermore, using these measurement techniques we can quantify variation and consistency in
dispersion and skew and characterize differences in fiber manufacturing processes. It is interesting to note
that the largest contribution to skew is the time of flight, which is independent of fiber bandwidth. Cables
containing OM3 fiber will not guarantee low skew. A certification of the ribbon cable is necessary to
guarantee 100 GbE performance of the cables.
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Conclusion

This paper demonstrates measurement techniques for the parameters that govern MMF performance at
higher data rates (i.e., dispersion and skew) and shows how these measurements can be used to
characterize differences in fiber quality. The key to assuring multilane 40/100 GbE parallel optic signal
integrity is strong control over the fiber media manufacturing processes: the better the fiber
manufacturing process (raw fiber, ribbonization, and cabling) and the tighter the control of process
parameters, the better the quality and the more consistent the optical fiber.

Panduit will continue to research manufacturing capability utilized by global manufacturers to identify
best-in-class processes and technologies. Research by Panduit Laboratories in multimode fiber
transmission capabilities, optical performance, and in particular, the ability to specify and test the fiber
media towards controlling uniform pulse delay and optimizing skew, will be reported in future papers.
Through accurate characterization of fiber bandwidth, certification of Bit Error Rate system performance
of raw fiber and cabled media, and establishment of specifications for fiber media partners (towards
retaining lane-to-lane skew), we will be able to certify multimode fiber for 100 Gb/s Ethernet
transmission.
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