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Abstract—We perform a statistical investigation (based on the
Cambridge 108-fiber set) of the performance limits of different
electronic dispersion compensation (EDC) techniques in terms of
their robustness to modal dispersion, considering the impact of
connection offsets in 10GBASE-LRM (long reach multimode)
systems with connection offsets. We also investigate the ef-
fectiveness of an accurate and fast analytical method to take
into account any amount of intersymbol interference based on
Gaussian quadrature rules, thus allowing a thorough statistical
investigation of the performance of different EDC techniques.
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[. INTRODUCTION

Interest in electronic dispersion compensation (EDC) tech-
niques, such as combined feed-forward and decision-feedback
equalization, has grown significantly in last years as a result
of the standardization activities of the IEEE 802.3aq task
force, which developed the 10GBASE-LRM standard for
10 Gb/s Ethernet over fiber-distributed-data-interface (FDDI)-
grade legacy silica multimode fibers (MMF) [1]. A com-
prehensive investigation of the full set of worst-case perfor-
mance MMF links is mandatory because of the considerable
variability in the installed fiber population, due to variations
in the refractive-index profile [2]. Moreover, since statistical
analysis is an essential complement to the emerging expe-
rimental results [3], efficient analytical methods to evaluate
error performance are highly desirable. This work emphasizes
the baseband approach and gives a statistical investigation of
the performance limits of different EDC techniques in terms
of their robustness to modal dispersion, considering the impact
of connection offsets and further investigating the benefits of
the optimal maximum-likelihood sequence detection (MLSD)
strategy for a MMF link over lengths up to 500 m. Indeed,
the channel impulse response of 10 Gb/s communication links
over FDDI-grade legacy MMF spans several bit times, making
performance evaluation computationally too time consuming
when performed by means of the exhaustive method used
in the literature [4], [5], where worst-case statistical ana-
lysis is usually performed by using pseudorandom binary
sequence (PRBS) generators. In this work we extend the
results presented in [6], showing that using a PRBS could be
misleading if the channel memory is not properly accounted
for by the PRBS length, and also establish the effectiveness
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Fig. 1. Discrete-time characteristic of another representative MMF link.

of the method based on the Gaussian quadrature rules (GQR)
technique [7] to take into account any amount of intersymbol
interference (ISI) for evaluating the performance of standard
EDC techniques in I0GBASE-LRM. The accuracy of the GQR
method is checked against the results obtained through both
the exhaustive method and standard Monte Carlo simulations,
whose computational cost grows exponentially with the ISI
length, in contrast with the almost linear growth observed with
the GQR method.

II. FIBER CHANNEL MODEL

The fiber output is given by the superposition of the
modal power coefficients carried by each mode group; every
condition that modifies the energy distribution among the
launched modes will generate accordingly different modal
impulse responses. The adopted model and parameters of the
end-to-end fiber follow the typical link in the draft standard
[1], with two offset connectors near the transmitter end and
a worst-case axis offset of 7um [8]. Fig. 1 shows the equi-
valent discrete time channel characteristic of a 400 m MMF
link with an illustrative fiber taken from the 108-Cambridge
fiber database [9], before and after a feedforward equalizer
(FFE) with 11 fractionally-spaced taps combined with a 5-taps
decision feedback equalizer (DFE), dimensioned according to
the minimum mean square error criterion. Each channel in the
Cambridge database is uniquely identified by a number (98,
in our case) indicating the refractive index profile of the fiber
and a launch offset expressed in microns (17 um, in our case).
Fig. 1 illustrates that MMF links suffer from a large amount
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Fig. 2. (a) Performance comparison using different BER computation

methods. (b) Yield curves with 17 um offset launch and fractionally-spaced
11-FFE+5-DFE, considering increasing values of the number L of interferers
for a reference penalty of 4 dBo. The GQR curve is approached for L > 21
(curves for these values of L are not shown to avoid clutter).

of amplitude distortion; the link impulse response results in
severe ISI, spanning approximately L. = 25 bit periods (both
pre-cursors and post-cursors), whereas the channel memory L.
reduces to ~ 19 after equalization.

III. NUMERICAL RESULTS

The statistical investigation on the performance of diffe-
rent EDC techniques in terms of their robustness to modal
dispersion is performed by considering a reference bit-error
rate (BER) of 1072, such that Monte Carlo (MC) simulations
are infeasible and analytical methods have to be used. The
exhaustive method is one approach to compute the error
probability that yields an exact result. Fig. 2(a) shows the
performance in terms of bit error rate (BER), computed using
both the exhaustive method accounting for different numbers
L of interfering symbols and the GQR method, based on the
computation of the ISI moments [10, p. 284], in the case of
the channel in Fig. 1. In this case, the number of symbols
involved in the ISI induced by DMD is L. = 19, hence the
computation of the error probability is exact only for L = L.; in
Fig. 2(a) we also show the BER curve obtained by accounting
only for L = 7 interferers. Standard MC simulations were also
performed for further validation of the results. When using
L =17, the penalty is ~ 0.37 dB at a BER of 10 * and increases
to ~ 1dB at 10_12, which is the standard reference BER.

Hence, the error performance analysis of an MMF link could
be misleading if a PRBS of not sufficient length is employed.
Indeed, to account for n — 1 interferers, a PRBS of length
greater than or equal to 2" — 1 is needed.

In order to investigate the accuracy of the GQR method,
we compare the results with those obtained through the time-
consuming exhaustive method by accounting for an increasing
number L of interferers by means of PRBSs of length 2£"1 1.
In the following, the dispersion penalty is defined as the
increase in the received optical power (given in dBo) necessary
to achieve a BER of 1072 with respect to a back-to-back
transmission [5]. In Fig. 2(b) we report the performance of a
fractionally-spaced 11-FFE combined with a 5-DFE in terms
of percentage yield, giving the ratio of links whose dispersion
penalty is below a given value (4 dBo). The yield curves are
computed as a function of the MMF link length (from 25m
to 500 m in 25 m steps). It turns out that the curves for L > 21
coincide with the curve labeled GQR. This means that L = 21
is the minimum number of interferers to be used for all the
population of MMF fibers and for all link lengths to converge
to the exact result, which is directly obtained through the
GQR method. In principle, one could alternatively estimate the
channel memory L, of every fiber of the 108-Cambridge fiber
database, for every radial offsets of the SMF launch (17 pm,
20 um, 23 um) and for every link distance, and then compute
the BER by using a PRBS of appropriate length for each
different case. Hence, it reads clear that a rigorous statistical
analysis using the exhaustive method is exceedingly time-
consuming compared to the fast and accurate GQR method.

The results confirm that the length L of the considered ISI
pattern has a non-negligible impact on percentage yield curves
for a given reference value of the dispersion penalty. Indeed,
the percentage difference between the curve for L = 7 and
that for L = 21 (curve labeled GQR) is equal to ~ 18% for a
link length of 400 m and an allocated margin of 4 dBo, which
represents a realistic ISI power-penalty criterion [4]. Given
the excellent agreement between the limiting curves obtained
by the expensive exhaustive method for increasing values of
L and the efficient GQR, the comprehensive EDC statistical
investigation was based on the GQR technique.

Along with standard techniques such as combined FFE
and DFE, we also investigate the performance of the optimal
MLSD strategy, which provides the ultimate bound achie-
vable through electronic processing and thus a benchmark
for assessing the relative performance of simpler strategies.
The performance of a MLSD receiver is evaluated by using
the classical union bound based on the exact branch metrics,
thus providing a tight upper bound to the BER. This ultimate
bound provided by the MLSD technique is explored under two
different constraints on the sampling rate, since oversampling
is a possible way to guarantee sufficient statistics. Then,
we statistically compare the performance of both standard
equalizers and MLSD receiver in terms of the coverage curve,
giving the percentage of fibers featuring a penalty less than
a prescribed value (in dB), and in terms of percentage yield.
In a practical implementation, the number of equalizer taps
and trellis states for the MLSD receiver should be properly
chosen depending on the channel memory L.. However, since
the purpose of this work is a statistical investigation of the
performance limits of different techniques in terms of their ro-
bustness to modal dispersion, in order to get the asymptotically
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Fig. 3. (a) Coverage curves for a 400 m MMF link with 20 um offset launch,
(b) Yield curves with 20 um offset launch and two system margins.

best performance for the FFE+DFE structures, an exceedingly
high number of taps for both the feedforward and feedback
filters were used.

In Fig. 3(a) the percentage coverage of different receiver
structures is shown in the case of a 400 m long link with a
20 um offset launch: the synchronous MLSD receiver (curve
labeled 1-MLSD) does fairly better than a synchronous FFE
combined with a DFE (curve labeled sync-DFE), but no
significant improvement is observed when using a fractionally
spaced FFE (curve labeled frac-DFE). However, performance
is significantly improved by means of oversampled MLSD
(curve labeled 2-MLSD), exhibiting an impressive robustness
to ISI. This result is confirmed also in Fig. 3(b), which
shows the percentage yield for 20 um offset launch. Two
different system margins are assumed as references, 4 dB
(2dBo) and 8dB (4 dBo). The maximum dispersion penalty
is typically allocated during the design process. The curves
confirm that a fractionally-spaced FFE performs better than its
synchronous counterpart, and that the improvement achieved
by synchronous MLSD is no more than ~ 5% at a link length
of 300m. However, the improvement increases to ~ 20%
(at a link length of 300m), in the case of MLSD with 2
samples per bit period processed at each trellis step. A more
comprehensive evaluation and comparison of the effectiveness
of different EDC techniques in 10GBASE-LRM is reported
in [6], which also includes a more detailed discussion of the
MMF channel model and the simulation setup employed in
the present analysis.

IV. CONCLUSIONS

The effectiveness of the GQR analytical method to cor-
rectly take into account any amount of ISI for evaluating the
performance of standard EDC techniques has been established.
It has been shown that the common use of a PRBS to evaluate
system performance could be misleading when the channel
memory is not properly accounted for by the PRBS length.
The proposed analytical approach is found to be accurate and
computationally efficient even when the number of interfering
terms is very large. Using the GQR technique, we have
also provided a comparison of different strategies aimed at
increasing the tolerance of MMF systems to DMD. The
investigation reveals that the fractionally-spaced FFE+DFE
equalization structure is very effective in 10GBASE-LRM,
since it gives a performance that is relatively close to the
MLSD receiver with one sample per bit period. Oversampled
MSLD is the optimum receiver for an ISI and Gaussian
noise limited transmission channel such as the one under con-
sideration. However, regarding the digital signal processing
(DSP) implementation complexity, the MLSD solution grows
exponentially with the memory length, while the FFE+DFE
approach only linearly [10]. Since the MMF channel memory
L. strongly depends on the length of the link and can easily
exceed L, = 20, an MLSD receiver would require a so
high number of states to become unpractical even for off-
line processing, and thus it is completely unreasonable for an
actual DSP design. We then conclude that the fractionally-
spaced FFE+DFE equalization approach is a good choice for
an MMF link, due to its good balancing between performance
and complexity.

REFERENCES

[1] “IEEE 802.3 10Gb/s on FDDI-grade MMF Study Group,” Apr. 2004,
available at http://www.ieee802.0rg/3/10GMMFSG/.

[2] L.Raddatz, I. White, D. Cunningham, and M. Nowell, “An experimental
and theoretical study of the offset launch technique for the enhancement
of the bandwidth of multimode fiber links,” J. Lightwave Tech., vol. 16,
no. 3, pp. 324 -331, mar 1998.

[3] P. Pepeljugoski, J. Schaub, J. Tierno, J. Kash, S. Gowda, B. Wilson,
H. Wu, and A. Hajimiri, “Improved performance of 10 Gb/s multimode
fiber optic links using equalization,” in Optical Fiber Communications
Conference 2003, Atlanta, GA, USA, vol. 2, march 2003, pp. 472 — 474.

[4] J. D. Ingham, R. V. Penty, I. H. White, and D. G. Cunningham,
“Electronic equalization for length extension of x 2 to x 3 in 10 Gb/s
multimode-fibre data communication links,” IEEE Electronics Letters,
vol. 40, no. 22, pp. 1437-1439, Oct. 2004.

[5] A.-A. Diab, J. Ingham, R. Penty, and 1. White, “10-Gb/s transmission
on single-wavelength multichannel SCM-based FDDI-grade MMF links
at lengths over 300 m: A statistical investigation,” J. Lightwave Tech.,
vol. 25, no. 10, pp. 2976 —2983, oct. 2007.

[6] A. Peracchi and E. Forestieri, “Effectiveness of EDC techniques on
FDDI-grade MMF links,” in The 20th International Conference on
Plastic Optical Fibers 2011, Bilbao, Spain, sept 2011.

[7]1 G. H. Golub and J. H. Welsch, “Calculation of Gauss quadrature rules,”
Math. Computation, vol. 23, pp. 221-230, 1969.

[8] “Connector  Transfer Matrices,” Jun. 2007,
http://grouper.ieee.org/groups/802/3/aq/public/tools/ctm/.

[9] “Optical Fiber Modeling Tools,” Oct. 2004, available at
http://grouper.ieee.org/groups/802/3/aq/public/tools/108fiberModel/.

available  at

[10] S. Benedetto, E. Biglieri, and V. Castellani, Digital Transmission
Theory. New York: Prentice-Hall, 1987.



