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Evaluation of Outage Probability of Optical Communication System
Impaired by Polarization Effects”
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Abstract; Using multiple importance sampling technique, the power penalty and outage

probability of 10Gbit/s lightwave transmission system impaired by polarization-mode dispersion

(PMD) and polarization-dependent loss (PDL) were investigated. The simulation results show

that optical filter has significant influence on the power penalty, and the system with Fabry-Perot

filter always performs better than that with four-order Gaussian filter. It is also found that the

power penalty generally increases with the increasing of chirp factor, but the system performs
best when chirp factor is about 0. 5. It also demonstrated that DPSK is still more robust to PMD
and PDL than OOK even though PMD and PDL coexist.
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0 Introduction

It is known that polarization-mode dispersion
(PMD) and polarization-dependent loss ( PDL)
have become two critical limiting factors in modern
long distance optical communication system at bit
rates of 10Gbit/s and beyond™. The power
penalty induced by PMD and PDL has become
critical issues in optical fiber system design and
certification. Past studies mainly focus on the
dependence of lightwave communication system’s
performance degradation on the values of PMD and
PDL. However, it is difficult to exactly evaluate
the performance degradation caused by PMD and
PDL because they are stochastic in real fiber
link!™/.

other factors have a significant impact on the

In addition, a few works demonstrate that

system performance, such as optical filter, pulse
initial chirp, modulation format, and so on"**, It
has been reported that narrow bandwidth optical
filter can reduce pulse distortions that result from
higher PMD™!, and that =/2-DPSK

outperforms conventional DPSK in the presence of

order
strong optical filtering and PMD™. It has been
found that power penalties due to the combined
effect of PMD and PDL are significantly increased
when frequency-chirped optical sources are used™”.
Recent studies show that strongly filtered =/2-
DPSK is better immune against PMD compared
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with conventional DPSK, and DPSK has certain
advantages over the traditional on-off keying
(OOK)P7 . All these results show that the other
factors should be taken into account when the
power penalty induced by PMD and PDL is
evaluated. In this paper, the power penalty and
10Git/s

communication system with PMD and PDL are

outage probability of optical
exactly simulated by using multiple importance

( MIS),
effectively the rare events of larger PMD and/or

sampling technique which can visit

larger PDL through configuration biasing.

1 System model and simulation principle

Generally, a waveplate model is used to
simulate the effects of PMD and PDL. The optical
fiber link can be treated as a concatenation of N
linear birefringence fiber sections, followed by one
PDL element after each of them. A random model
coupling occurs between every two adjacent
sections. Although the PMD and PDL are random
and obey Maxwellian distribution in real fiber link
21, the waveplate model can exactly simulate them
if enough sections are applied. The Jones matrix of

the fiber can be written as ™

N
Jn(w) = l:TlJ,,,‘P,,(w)S” (D
Juo=cxp (an * 6/2) (2)
P, (w)=exp (—iwr, * 0/2)=
(—iwr,/2) 0
(exp le/ . ) (3)
0 exp (lwz,/2)

where J,, and P, (w) model respectively the PDL
and PMD effects of the n-th section,S, models the

random model coupling between the n-th section



330 * T

¥ i 38 %

and the (n + 1)-th section.

frequency difference between the general frequency

w represents the

and the optical carrier frequency, a, denotes the n-

th PDL vector, 7, denotes the PDM vector, ¢ is
the Pauli matrices vector.

To evaluate the performance of 10Gbit/s OOK
and DPSK systems degraded by the PMD and
PDL, as shown as Fig. 1, the impacts from pulse
chirp, optical filter and modulation format are also
The DPSK or OOK signals

OOK

Optical amplifier ’-*—E-h- Sample

Optical filter Electric filter
@2 ' Samp]e

DPSK

taken into account .

PDL
e D)

Fig. 1 Schematics of OOK or DPSK systems impaired
by the PMD and PDL. Mod: modulator

generated by the modulator are launched into the

optical link, through which the signals will be
PMD PDL. The
transmitted optical signals will be amplified by the

impaired by the and/or
optical amplifier and filtered by different optical
filters. To recover the information bits, two
different receivers are separately applied for DPSK
and OOK modulations.

influence of pulse chip, a chirped cosine pulse with

In order to assess the

50% duty cycle are used.

p()=/2E,/T,cos (x/2cos (xt/T,))e > */ T (4)
Here, T, is the bit period, E\, denotes the optical
energy per bit, k£ is the chirp factor. The light field
at the optical fiber input can be written as

|E())=21,pG—nT,) | P (5)
where |P;) is the input polarization state, I,
represents the transmitted symbol sequences ( For
OOK, I,=1, 0; for DPSK, I,=¢&% , and &,-®,_, =
7w, 0 for bit 1, 0.), which is chosen as a 2" —1
pseudorandom bit sequence in following simulations.

The input field of optical filter is written as

| Eo (@) =y (o) [ Ei(0)+ [nas: (@) (6)

where

E.(w)> is the Fourier transform of the
|E. (1)), |nase(w)) is frequency spectrum of the
ASE noise. In order to investigate the influence of
optical filter on the system performance, the
Gaussian (Fourth-order) and Fabry-Perot filters

are used [,

He o (fH)=exp (—[f/€0.65B,)]") (7
o 1
HF,p(f)filJerf/Bo (8)
where B, is the 3 dB bandwidth, f is the
frequency.
At the receiver, a direct detection is

implemented for OOK and a balanced direct
detection receiver with delay-line interferometer is
used for DPSKM*, The detected electric signal is
filtered by a low-pass filter, which is assumed to
be a fifth-order
calculate the bit error rate (BER), the following

Bessel type. To accurately

formula is employed.

‘<Iﬂk>_IIJ‘
Ojlk

| <Ij(>/q>_11)‘ )

Ojok

BER :‘,;I::()pjlkerfc( >+

1
Z onk el’fC ( ( 9)
jok=0

where, (1,7, o Cor {Ij0x)s ojor) are the mean
value and standard deviation of the electric level at
the sampling time for j1k (jOk) data pattern, p,,
(pjor) is the relative probability of each pattern, Iy
is the decision level, erfc is the complementary

error function.

2 Simulation results and discusses

To quantify the performance degradation of
10Gbit/s system induced by the PMD and the
PDL. some system parameters are optimized in the
absence of the PMD, the PDL and pulse chirp.
The optimized bandwidths of the filters are shown
as Table 1, in which all the bandwidths have been
chosen to minimize the BER to be 107 '". These
parameters also are used to evaluate the BER in
presence of the PMD and PDL since the optical
devices are fixed in the real fiber link.

Table 1 Optimized bandwidths of optical filters and

electrical filters (normalized to the bit rate R)

F-G OOK 2.3 0.95
F-G DPSK 2.2 0.95
F-P OOK 2.3 0.75
F-P DPSK 2.2 0. 65

From the views of statistics, the occurrence
possibility of large power penalty increases with
that of large PMD and PDL, it is necessary to get
more frequent visit the rare large PMD and PDL.
These rare events can be captured effectively by
MIS technique if a set of rotation angles are chosen

U In order to effectively capture the

deliberately
events with occurrence probability lower than
107", several biasing configuration of (a, B) are
chosen to generate the distribution with 10°
samples each as follows: (1,0), (1,%x/3), (1,x/
2), (I,mo, (2,00, (2, n/3), (2,7/2), (2,70),
(3,00, (3,%/3), (3.%/2), (3.70).

Fig. 2 shows the outage probability as a
function of the power penalty margin when the
PMD = 10ps and no existence of the PDL. The

outage probability at a power penalty margin is the



2 YUAN Fu-lai,et al;Evaluation of Outage Probability of Optical Communication System Impaired by Polarization Effects 331

10° T T i H H
N < F-Pi=15
102 \\ S = F-Gi=2 ..
z NN = F-P k=2
g 107 | +F-G =0 N
g +FPi=0 3 \
g 100 |+ F-G =05
g -+ F-P £=0. \\.
o 1073 - F-G ]Fl
« F-P k=1
Jo0 [ZF-GALS
0 0.4 0.8 1.2 1.6
Power penalty/dB
(a)For OOK modulation
100 T T L 4
< F-Pi=15
2 W, & F- =
5 10 N > ES /;22
e DN
£ 10" b pG A=ONX;
§ “+F-P /=0 \\
& 106 |+ F-G =05\
& +F-P k=0.5 A
10¢ }*F-G k=1 \
“*F-P k=1
1o 0 |2 F-G A1
0 0.4 0.8 1.2
Power penalty/dB
(b)For DPSK modulation

(F-P:Fabry-Perot filter, F-G:four-order Gaussian filter)

Fig. 2 The system outage probability against the power
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cumulative probability of the events with power
penalty more than the margin. It is shown that the

the

performance, and the system with Fabry-Perot

optical filter remarkably affects system

optical filter outperforms that with four-order
Gaussian optical filter regardless of the pulse
chirp. To guarantee the outage probability less
than 10™°, the required power penalty margins of
OOK and DPSK systems are less than 1 dB if
Fabry-Perot filter is used, and the required power
all (<< 1. 3 dB)
regardless of the optical filter type and chirp

penalty margins are small
factor. Although the two systems perform best at
chirp factor £ =0. 5, higher chirp will not always
causes higher power penalty. Compared the Fig. 2
(a) with Fig. 2(b), it can be found that the system
performance with DPSK modulation is always
better than with OOK modulation. For example,
to guarantee the outage probability less than 10°°,
if Fabry-Perot filter is chosen, the required power
penalty margins of the DPSK are about 0. 05, 0.1,
0.25, 0.04, 0.22 dB less than the OOK when the
chirp changes from 0 to 2.

Fig. 3 shows that OOK and DPSK systems

also exhibit the best performance when chirp factor
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F-P.Fabry-Perot filter, F-G; Four-order Gaussian filter

Fig. 3 The system outage probability against the power penalty margin
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k= 0.5, same as the case that only pure PMD
exists, regardless of the filter type and the PDL. It
is obvious that the optical filter has a significant
influence on the system performance, and the
system with Fabry-Perot filter always performs
better than that with four-order Gaussian filter.
However, with the increasing of pulse chirp, the
advantage of Fabry-Perot filter will disappear.
When the other conditions are same, DPSK system
has better performance than OOK system if the
chirp factor is small (£<C1), and they will have
equivalent performance with the increasing of pulse
chip. Fig. 2 and Fig. 3 indicate that the PDL gives
a strong effect on the system performance and
enhances the performance degradation caused by
the chirp. Fig. 3 shows that, to guarantee the
outage probability less than 107°, if no chirp
exists, the required power penalty margins are
about 2. 1 dB and 1. 65 dB respectively for OOK
and DPSK systems with Fabry-Perot filter when
PMD=10 ps and PDLL=1 dB, and are both about
2.4 dB for that with Gaussian filter; OOK and
DPSK systems with Fabry-Perot filter both require
power penalty margins of 2. 6 dB when PMD=10 ps
and PDL=1. 5 dB, and the required power margin will

exceed 3 dB if Gaussian filter is used.

3 Conclusion

Using the MIS technique, we investigate the
outage probabilities of 10Gbit/s OOK and DPSK
system when PMD = 10ps. It is found that DPSK
modulation always performs better than OOK although
this advantage will fade away with the increasing of
pulse chirp. The optical filter can remarkably affect the
system performance, and generally the systems with

Fabry-Perot filter have better performance than that

with Gaussian filter. In addition, the simulation

results indicate the PDL can enhance the system

degradation caused by pulse chirp.
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