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Abstract: We investigate the performance of very long submarine 100 Gbps PM-QPSK
WDM systems as a function of the span length, attenuation and effective area (Aeff) of
optical fiber. It is determined that the optimal span length is independent of fiber Aeff and is
longer for fibers with ultra-low attenuation. We show that for two fibers with the same
performance in a 50 km span system, the fiber with lower attenuation will perform better in
systems with longer spans, enabling higher margin, longer reach, or increased spectral

efficiency with fewer repeaters.

1. Introduction

There is considerable interest in extending
100G polarization multiplexed quaternary
phase-shift keyed (PM-QPSK)
wavelength-division-multiplexed (WDM)
transmission  systems to  submarine
distances that cover all practical
intercontinental routes. Loop experiments
demonstrating reaches up to 14,000 km
EDFA-only transmission have been
described, and in other experiments
spectral efficiencies up to 4.0 b/s/Hz have
been  reported.[1]  Typically, these
experiments are performed with short (e.g.,
50 km) span lengths, since it is known that
up to a certain limit, shorter span lengths
increase system reach.

It is interesting to explore the
extent to which ultra-low-loss fibers with
large Aeff fiber can enable a reduction in
the number of repeaters. In this paper, the
performance of fixed-reach, 100G PM-
QPSK WDM systems and its dependence
on span length is investigated. Three
transmission fibers with different Aeffs
and attenuation coefficients at reaches of

6,000, 9,000 and 12,000 km are
considered.

Fiber A has the lowest attenuation
and a large Aeff (see Table 2); it generally
outperforms the other two fibers. Fibers B
and C perform similarly in the 50 km span
systems. Fiber C has a larger Aeff than
Fiber B, but also has higher attenuation. It
is interesting to study how the relative
advantages of these fibers can be exploited
to reduce the number of repeaters, increase
overall reach, or increase the spectral
efficiency (SE), depending on the
application requirements. Hence, the ideal
span length, optimal channel power and
system performance at various reaches and
spectral efficiencies are studied for these
three fibers.

2. Simulation Description

This article describes simulations of an
eight-channel, 100 Gbps, 28 Gbaud PM-
QPSK transmission systems with 50 GHz
channel spacing. A schematic of the
system is shown in Fig. 1.
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The transmitter model includes electrical
low-pass filters (LPF) at the input of the
modulators to emulate devices with limited
electrical bandwidth. The transmitter
parameters are shown in Table 1.

Data1 28Gbis
Data2 28Gbis

i spectral shaping

modulator bandwidth limiter

DEMUX

Fig. 1. A diagram of the PM-QPSK system. A low-
pass filter (LPF) is added to model the electrical
bandwidth limitations of real modulators. (key: NRZ
= non-return-to-zero, MZM = Mach-Zehnder
modulator, CW = continuous wave, PBS/C =
polarization beam splitter/combiner).  Spectral
shaping is discussed in Section 4. MZMs in the
transmitter that modulate second polarization are
identical to Datal and Data2 and are omitted for
simplicity.

As illustrated in Fig. 2, the electrical filter
bandwidths are chosen to match the
modeled back-to-back OSNR sensitivity to
recently published data. [2]

Table 1. System modeling parameters
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Fig. 2. Back-to-back BER vs. OSNR.

A split-step Fourier method [6,7] is used to
solve the polarization-resolved nonlinear
Schrédinger  equation  appropriate  for
modeling transmission in optical fiber. We
consider three different optical fibers in
this study. The first two are pure silica core
optical fibers, and the third is a
germanosilicate fiber.

Table 2. Fiber model parameters

Fiber A Fiber B Fiber C
Aeff (um?) 150 112 155
Attenuation 0.155 0.158 0.185
(dB/km)
Dispersion 20.9 20.35 21.7
(ps/nm/km)
n2 (mZ/W) 2.10E-20 2.10E-20 2.30E-20

Unit Value
Laser linewidths kHz 100.0
Electrical LPF bandwidth GHz 18.0
Optical MUX/DEMUX LPF FWHM GHz 28.0
Number of symbols - 32767
RX sampling rate GSa/s 40.0
CMA taps - 11
ADC bits - 6

Our receiver model contains a two-
stage  “constant modulus  algorithm”
equalizer [3] and a phase noise
compensator [4]. Other receiver parameters
are listed in Table 1. The bit error rate is
estimated from the received constellation
using a  stochastic,  semi-analytic
method [5].

Table 2 describes the parameters of
optical fibers in our modeling except
common parameters that are dispersion
slope  (0.06 ps/nm%km) and PMD
coefficient (0.03 ps/\km )

We consider amplifier spans of 10,
20, 30, 35, 40, 50, 60, 80 and 100 km
constructed with these fibers, amplified by
erbium-doped fiber amplifiers (EDFAS)
with a 5dB noise figure, independent of
span length.

3. Results and Discussion

The performance of 6,000, 9,000 and
12,000 km PM-QPSK systems is simulated
as a function of span length. We start by
calculating Q versus input power per
channel for each span length and fiber
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type. Example results are shown in Fig. 3.
For each span length, we obtain concave

curves of the functional form:
P

2(P)= —— 1
Q*(P) a+pP? @
where « and £ are parameters related to the
amplified spontaneous emission (ASE),
and effective nonlinear noise variances,
respectively. The parameter o does not
contain  fiber attributes related to
nonlinearity  (n,/Aeff).[8] Using this
functional form to fit the data, we obtain
the maximum Q and optimal launch power
for each span length.

Fig. 3 shows that for each span
length, the wvariation of Q near its
maximum is shallow. If we expand Egn. 1
to second order in power deviation about
the optimal (AP = P-Pgy), we obtain the
simple formula

Q?/Q} =1-AP?/P}. )

Hence, power per channel reduction of 1.2
and 1.75 dB from optimal will result in Q?
reduction of only 025 and 0.5dB
respectively. This behavior is very
different from the linear regime where a
1 dB reduction in channel power usually
leads to 1 dB reduction in Q.
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Fig. 3. Fiber B system Q factor vs. launch power for
9,000km reach and span lengths ranging from 20 to
100 km. Markers correspond to Monte Carlo
simulations, and the curves are fit.

Representing the Q parameter as in
Eqgn. 1, we find the optimal power and Q
values are given by:

P= 3a/2p, Q§=§[a2ﬁ}”3 3)

Then, according to [8], the dependence of
Qo on Aeff comes entirely through the
nonlinear noise coefficient 5. We have,
from [8]:

Boc AZ hence Q2 oc A7 and P, oc AZ® (4)

This simple argument implies that the
optimal Q and the optimal launch power
for Fiber A should both be 0.85 dB higher
than for Fiber B as the fibers differ mainly
in Aeff. This agrees reasonably well with
our calculations.

Fig. 4 illustrates the performance as
a function of reach for fixed span lengths
of 50km. The performance of Fibers B and
C is nearly identical. Fiber A supports
additional 2000 km transmission distance
if we assume that Q*=12.5 dB as a desired
operating point with sufficient margin over
hard decision FEC.

However, realizing the advantage
of large Aeff fiber requires higher optical
power. Fig. 4 also shows the optimal
launch powers (right axis). For example
Fiber A requires a power per channel
of -2.5 dB (16.5 dBm for 80 channels) to
achieve 0.85 higher Q than Fiber B
operating at a total power of 16 dBm.
However, given the shallow dependence of
Q versus channel power, the Q margin
available over minimum required Q could
be exchanged to lower the channel power.
For example, if Fiber A has excess 0.5 dB
Q margin, then according to Eqgn. 2, the
power per channel can be lowered by
1.75dB to bring Q to the minimally
required level and lower the total power
requirement for the amplifier to14.75 dBm.
For the same Q performance as Fiber B,
Fiber C requires almost 1.6 dB higher
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power per channel and approximately
17.5 dBm total power.

We observe that the optimal powers
do not change significantly with reach,
particularly at 6,000 km or larger. This is
consistent with Eqn. 3 because, according
to [8], « is exactly and S is approximately
proportional to the number of spans, so the

dependence of P, = 3/a/2p on

reach nearly cancels out. In fact, the
simulations suggest a slight decrease in
power with reach. Because the optimal
power does not change appreciably, the
additional Q margin available in shorter
lengths e.g. 6000 km can be used to
operate the system at sub-optimal (lower)
channels powers consistent with Eqgn. 2
This would significantly reduce the
requirement for total power. Alternatively,
if the total available EDFA power is
sufficient, the additional Q margin can be
used to extend the amplifier spacing, thus
reducing the number of expensive
repeaters and improving the overall system
reliability.

The dependence of maximum Q on
span length in a 9,000 km system is shown
in Fig. 5. Fibers B and C exhibit equivalent
performance at 50 km span lengths, and
Fiber A exceeds the other two in

performance at all span lengths.
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Fig. 4. Maximum Q vs. reach and optimal launch
power vs. reach for 50 km spans. Fibers B and C have
nearly identical Q curves. The dotted line at Q = 12.5
dB corresponds to the hard-decision FEC threshold
plus 4 dB margin. (key: A = circles, B = squares, and
C =triangles)
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Fig. 5 Maximum Q vs. span length for three fibers in a
9,000 km link, SE 2 b/s/Hz. The dotted line at Q = 12.5
dB corresponds to the hard-decision FEC threshold
plus 4 dB margin. (key: A = circles, B = squares, and
C =triangles).

Table 3 Peak change in Q values in dB for three fibers
and three reaches, relative to 9,000 km

A B C
6,000 km 14 1.5 1.5
9,000 km 0 0 0
12,000 km -1.1 -1.1 -1.1

It may be observed that in Fig. 5,
the optimal span length is the same for
Fibers A and B. Their attenuation
coefficients are nearly the same, but their
Aeffs are substantially different. On the
other hand, A and C have nearly the same
Aeffs, but their attenuations are different.
Hence, one may conclude that the optimal
span length depends only on fiber
attenuation, at least for the Aeff ranges
examined in this paper. Indeed from the
equations in [8] the following approximate
relationship can be derived:

3 g 92
Lspan.opt R [1 - j (4)

2a F

where « is the attenuation and F is the
EDFA noise figure. It shows that optimal
span length depends only on the
attenuation and EDFA noise figure.

This has important consequences
for fiber design. The shortest spans used in
submarine systems are forty to fifty
kilometers. Achieving attenuation similar
to that of fibers A and B insure that at
those span lengths, the transmission
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systems are extremely close to their
maximum performance.

It is important to notice the shallow
dependence of Q as function of span length
near the maximum value. This provides an
important cost reduction opportunity to
increase the span length using fibers with
larger Aeff, although higher power
amplifiers are required. For instance in
Figure 5 Fiber A reaches minimal required
Q at the span length of 70 km thus
decreasing the number of amplifiers by
40% compare to the system with 50 km.
This span length increase does require
higher power per channel of -1 dBm and
total EDFA power of 18 dBm compared to
the power of 14.75 dBm that is required to
reach a minimum required Q for Fiber B
with 50 km span. Thus, Fiber A gives a
system designer a choice of using the extra
margin through either longer span length
or lower power EDFA.

4. Higher Spectral Efficiency

In addition to 50 GHz, we considered
channel spacings of 33.0, and 28.57 GHz,
corresponding to spectral efficiencies of
3.03 and 3.5 b/s/Hz respectively. To
control ISI, we use spectral shaping via a
square root, raised-cosine filter in the
transmitter and a matched filter in the
receiver. The raised-cosine  roll-off
parameter [9] we use is 0.1.
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Fig. 6. Q vs. span length for three fibers in a 9,000 km
link at 3 b/s/Hz SE. (key: A = circles, B = squares, and
C =triangles)

At an SE of 3 b/s/Hz, the shape of
the Q(P¢n) curves is essentially unchanged
from 2 b/s/Hz. The 9,000 km results are
summarized in Fig. 6. The performance of
the 50 km spans versus reach at 3 b/s/Hz in
Fig. 7 is quite similar to that at 2 b/s/Hz.
For all fibers, there is a 0.25 dB
approximate penalty at 3,000 km,
increasing to approximately 0.5 dB at
12,000 km.
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Fig. 7. Q vs. reach and optimal launch power vs. reach
for 50 km spans, SE 3 b/s/Hz.

Fig. 8 shows the performance of the
three fibers at 9000 km as a function of SE.
There is about 1 dB drop in performance,
uniformly across all fiber types, as SE is
increased from 2 to 3.5 b/s/Hz with the aid
of spectral shaping. We do not observe any
difference in the relative behavior of the
fiber types at higher SE. However, because
the achieved Q factor of Fiber A is about
0.85 dB higher than the others, Fiber A
could be operated at an SE exceeding
3b/s/Hz and provide the same Q
performance as the other fibers at 2 b/s/Hz.

5. Conclusion

In this paper we investigated the
performance of very long submarine 100
Gbps PM-QPSK WDM systems on span
length, attenuation and Aeff of optical
fiber. We considered three representative
length (6000, 9000 and 12000 km)
covering the possible range of very long
submarine systems and range of spectral
efficiencies from 0.2 to 3.5 b/s/Hz.
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Fig. 8. Q vs. SE for 9,000 km, in 50 km spans. Fibers B
and C show nearly identical performance.

By varying the span length at the
fixed system reach for three representative
fibers, we found that the optimal span
length does not depend on Aeff. For pure
silica core fibers with ultra low attenuation,
the optimal span lengths is 40 km.
However, in general, the dependence of Q
as a function of span length is rather
shallow, hence practical systems with
50 km spans incur only 0.2 dB penalty for
those fibers. We found that larger Aeff
increases Q for all span lengths and that
has important implications for system
design.

First, it may create an additional
system margin that can be used to operate
the system at suboptimal channel power,
decreasing amplifier total output power
requirements. Second, this higher margin
may be used to extend the span length
significantly (e.g. in our example 40%)
thus decrease the number of repeaters
albeit with higher required amplifier output
power. Third, this extra margin may be
used to deploy a system with higher
spectral efficiency. In our simulations
increase in spectral efficiency from 2 to
3.5b/s/Hz resulted in additional 1dB
penalty in Q.

Finally, the ultra-low attenuation,
large-effective-area pure silica core fibers
provide the longest reach at practical 50
km span lengths; the optimal span length
of 40 km would enable a maximum

performance that is only 0.2 dB higher at a
hefty cost of 20% more repeaters.
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