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A SYSTEM AND METHOD FOR MITIGATION OF POLARIZATION
MODE DISPERSION IN OPTICAL SIGNALS

FIELD OF INVENTION

The invention generally relates to reduction or mitigation of
a polarization mode dispersion (PMD) effect in optical signals,
and more particularly, to utilizing wavelength diversity or
interleaving for PMD effect mitigation in optical signals that are
transmitted through, for example, optical fibre, optical isolators,

optical couplers, and the like.

BACKGROUND

Polarization mode dispersion (PMD) is a statistical
phenomenon caused by non-perfect circular geometry of the
transmission fibre that causes a differential group delay (DGD)
and random mode coupling between the two polarization modes
inside a transmission optical fibre. PMD is one of the most
important factors limiting the performance of a conventional high-
speed optical communication system.

A number of solutions have been proposed for PMD
mitigation. These include PMD compensation as discussed in the
article Ono, et al., “Polarization Control Method for Suppressing
Polarization Mode Dispersion Influence In Optical Transmission
Systems”, Journal of Lightwave Technology, Vol. 12, No. 5, pp.
891-898, May 1994; electronic equalization as discussed in the
article Bilow et al., “Electronic PMD Mitigation-from Linear (
Equalization to Maximum-Likelihood Detection”, Proc. OFC 2001,
WAA1, 2001; and forward error correction (FEC) as discussed in
the article Ho et al., “Performance Analysis of Optical

Transmission System with Polarization-Mode Dispersion and
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Forward Error Correction”, IEEE Photonics Technology Letters,
Vol. 9, No.9, September, 1997. pp. 1288-1290.

Existing PMD compensation techniques for example the
techniques discussed by Ono et al., although effective in most of
situations for first order PMD, are still foo complicated to be used
in practical systems. In addition, to date no effective
compensation technique exists for higher order PMD. At the
same time, electronic equalizer for example as discussed by
Bilow et al., is still difficult to be implemented for high-speed
optical communication systems.

Forward Error Correction (FEC) code, such as Reed-
Solomon (255, 239), has been used in high-speed optical
transmission systems. The FEC code improves the transmission
quality by digital signal processing regardless of the physical
origin of transmission degradations. However, as clearly
indicated in Ho et al., due to the very long burst error caused by
PMD, FEC has traditionally not been very effective for PMD
mitigation since no sufficient practical electronic interleaving has
been possible.

In addition to PMD compensation techniques and electronic
equalization, FEC has been proposed for PMD mitigation. In
such a scheme, standard Reed-Solomon code (256, 239) with 7%
data rate expansion and 8-byte error correction capability is
typically used for data transmission. FEC has proven to be
effective for high-speed optical transmission system affected by
noise and nonlinearity, however, FEC has shown limited
effectiveness for PMD mitigation.

Polarization scrambling and wavelength division
multiplexing (WDM) redundancy with FEC have been proposed to
enhance PMD mitigation as discussed in the respective articles
Wedding et al., “Enhanced PMD Mitigation by Polarization
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Scrambling and Forward Error Correction”, Proc OFC 2001,
WAA3, 2001, and Penninckx et al., “WDM Redundancy to
Counteract PMD Effects in Optical Systems”, Proc ECOC 2001,
pp. 444-445, 2001.

Although a number of PMD compensators have been
demonstrated, they are complicated and expensive to be used in
practical systems. In addition, the difficulty in contrblling
different elements of a PMD compensator means that it may often
be trapped in a local optimum thus limits its effectiveness for high
order PMD compensation. Electronic equalization has been
proven to have limited effect when DGD value is large as
discussed by Bilow et al. Electronic equalization also has been
difficult to be implemented for high-speed optical communication
system where the effect of PMD is most severe. Although FEC
has been proposed for PMD mitigation, effectiveness has been
limited, which is mainly due to the slow time rate of change of
PMD.

PMD fluctuation takes place in a timescale of minutes or
hours, and the fastest rate of PMD fluctuation has been
measured to be greater than 1ms as cited by another article by
Bilow, et al., “Measurement of the Maximum Speed of PMD
Fluctuation in Installed Field Fiber”, Optical Fibre
Communications Conference, OFC 1999, Technical Digest WE4
pp. 83-85. For example, for a 40Gbps transmission system,
according to this result of Bilow, et al., at least 4x10'° bits will
be affected if a large DGD value appears.

This will result in a long burst error in the transmission
system. Effectively, all the bits in a FEC frame will experience
the same amount of DGD. No electronic interleaving with the
commonly used Reed-Solomon code (256, 239) is possible to
correct such a long burst error. Polarization scrambling may
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reduce the burstness of the error and thus enable the operation
of the FEC. However, very high speed polarization scramblers
are needed. For the scheme using WDM redundancy, extra
channels are required for PMD mitigation thus reducing the
transmission efficiency.

There is thus a need for the use of a wavelength diversity
scheme to achieve interleaving over multiple wavelengths, and an
effective way for using FEC to reduce the effect of PMD in high-
speed opticai transmission system.

SUMMARY

An aspect of the invention provides a system for reducing
polarization mode dispersion effect in optical signals in optical
transmissive medium, the system comprising a transmitter means
for transmitting an optical signal through the optical transmissive
medium; and a receiver means for receiving the optical signal
from the optical transmissive medium, wherein the transmitter
means and receiver means comprise a coder means and an
interleaving means, wherein the signal is encoded by coder
means in the transmitter means, and the signal is decoded by
coder means in the receiver means, of frames on at least two
channels, each channel having at least two portions of the
frames, and a portion of frames of one channel is interleaved by
interleaving means with a portion of frames of another channel to
reduce the effect of polarization mode dispersion effect on the
optical signal.

An embodiment provides the ihterleaving means further
comprising at least two demultiplexers and at least two
multiplexers for interleaving a portion of the frames of the signal
from one channel with a portion of the frames of the signal from

another channel. The transmitter means and the receiver means
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may further comprise a synchroniser to synchronise the timing of
the signal on each channel. The forward error correction code
may be Reed-Solomon code (255,239). Additionally, the
channels may have a channel spacing of at least 6Avpup Where
Avpmp is polarization mode dispersion frequency bandwidth. The
each portion of frames on each channel may be substantially the
same size. The optical transmissive medium is optical fibre.
Another aspect of the invention provides a method for
reducing polarization mode dispersion effect in optical signals in
optical transmissive medium, the method comprising transmitting
from a transmitter means an optical signal through the optical
transmissive medium, and receiving at a receiver means the
optical signal from the optical transmissive medium, wherein the
transmitter means and receiver means comprise a codér means
and an interleaving means, wherein the signal is encoded by
coder means in the transmitter means, and the signal is decoded
by coder means in the receiver means, of frames on at least two
channels, each channel having at least two portions of the
frames, and a portion of frames of one channel is interleaved by
interleaving means with a portion of frames of another channel to
reduce the effect of polarization mode dispersion effect on the

optical signal.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features, objects and advantages of
embodiments of the invention will be better understood and
readily apparent to one of ordinary skill in the art from the
following written description, in conjunction with drawings, in

which:
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FIG.1 shows a schematic diagram of a forward error
correction (FEC) system with interleaving in accordance with an
embodiment of the invention;

F1G.2 shows a graph of the required receiver Q factor to
achieve a bit error rate (BER) of 107'2 as a function of
polarization mode dispersion (PMD) under from different
activations in accordance with an embodiment of the invention;

FIG. 3 shows a schematic block diagram of wavelength
interleaving in accordance with an embodiment of the invention;
and

FIG. 4 shows a graph of output v input BER of FEC with
optical interleaving in accordance with an embodiment of the

invention.

DETAILED DESCRIPTION

A system 1 in accordance with an embodiment with four
wavelengths, that is two wavelengths for each channel is shown
in FIG 1. Of course, it will be appreciated that the system may
be for any number of n wavelengths, with n being an integer
greater than 1. However, for simplicity and for sake of clarity,
the embodiment of two wavelengths is discussed in detail. The
system 1 of FIG. 1 shows a schematic block diagram of a FEC
system with interleaving. For example the system comprises a
transmitting section 11 and a receiving section 33 connected via
an optical transmissive medium, such as optical fiber 60. It will
be appreciated that other embodiments may be configured with
other optical transmissive mediums such as optical isolators,
optical couplers, and the like, where PMD effects may be found.

The transmitting means or section 11 may receive a signal
to transmit that is divided into signal parts in channels 80,90.
Synchronizer 10 such as synchronous digital hierarchy (SDH)
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synchronizes each signal part in each channel. Each signal part
is FEC encoded by FEC encoders 12,22 prior to an interleaving
section 51. Interleaving section 51 then interleaves each of the
signal parts in each channel by A1 81,91 and A2 82,92 with, for
example, demultiplexers 14,24 such as time division multiplexing:
demultipléxing (DEMUX) 14,24 and multiplexers 16,26 such as
time division multiplexing: multiplexing (TDM-MUX) 16,26 which
interleaves the channels, by A1 81,91 and A, 82,92, such that A4
81 of channel 1 is interleaved with A2 92 of channel 2, and A, 82
of channel 1 is interleaved with A4 91 of channel 2, to form the
interleaved signal of channel 1 (one) 101 and channel 2 (two)
102, also shown in greater detail in FIG. 3 and discussed in
greater detail below. After interleaving the signals of channel 1
and 2 are converted from electrical to optical via converter (E/O)
18,28, and transmitted to optical fiber 60 from optical multiplexer
20.

The receiving means or section 52 receives the signal from
fiber 60 at optical demultiplexer 30 and divides the received
sighal into signal parts to channels for each part to be converted
by converter (O/E) 32,42 for conversion of optical to electrical
signals that are synchronized by synchronizer 50 prior to
interleaving section 52. Interleaving section 52 receives the
signal parts in the two channels at demultiplexers (DEMUX)
34,44, Interleaving section 51 then interleaves each of the signal
parts in each channel by A4 35,45 and A; 37,47 with, for example,
demultiplexers 34,44 such as time division multiplexing:
demultiplexing (DEMUX) 34,44 and multiplexers 36,46 such as
time division multiplexing: multiplexing (MUX) 36,46 which
interleaves the channels, by A1 35,45 and A, 37,47, such that A4

35 of channel 1 is interleaved with A, 47 of channel 2, and A 37



WO 2004/098103 PCT/SG2003/000098

of channel 1 is interleaved with A4 45 of channel 2, to form the
interleaved signal of channel 1 (one) and channel 2 (two), in a
similar manner as discussed above. After interieaving the signals
of channel 1 and 2 are FEC de-encoded by encoders 38,48 to
provide de-encoded signals 39,48 of the channels. The channel
de-encoded signals are synchronized by synchronizer 40 to
provide the received signal. It will be appreciated that various
configurations are possible to transmit and receive with the same
or different channel/wavelength configuration, for example it may
be possible to transmit with two channels/four wavelengths
configuration, and receive in grater than two channels (h—
channels)/four wavelengths (n-wavelengths), and vice versa.

In embodiments of the invention, forward error correction (FEC)
can be used as an effective way for polarisation mode dispersion
(PMD) mitigation if sufficient interleaving can be aéhieved. Here,
wavelength diversity is used to achieve the iﬁterleaving. This is
based on the fact that the PMD statistics is independent for two
wavelength channels if their wavelength separation is larger than
at least six times of the PMD bandwidth. It will be appreciated
that the wavelength separation is not required to be larger than at
least six times, and the wavelength separation may be less than
at least six wavelengths. However, larger than at least six times
will yield a more predictable performance. As a result, the
probability that both wavelength channels have a large
differential grouping display (DGD) value is much smaller than
the probability that a single wavelength have a large DGD value.
PMD bandwidth is given as described Jopson, et al.,
“Measurement of Second Order PMD Vectors in Optical Fibres”,
IEEE Photonics Technology Letters, Vol. 11, No. 9, September
1999, pp. 1153-1155, as:
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Avon .

8(A7)

Where Av is PMD frequency bandwidth and <At> is the mean
DGD value.

For example for a typical or average requirement of <At> <
0.1Tpi, for a 40Gbps system, then <At> < 2.5ps which
corresponds to Avpmp = 50GHz. As a result, for wavelength
channels 6Avpyp = 300GHz apart, PMD statistics of the two
wavelength channels can be considered independent.

For larger than average DGD value (<Az>), the bandwidth
will be even smaller. If part of the data is transmitted in a FEC
frame in one wavelength channel and the other parts of the data
are transmitted in other wavelength channels, the error burst
length can be effectively reduced and the effectiveness of FEC
can be improved.

For example, as shown in FIG. 3, there are two wavelength
channels, channel 1 (one) 80,101 and channel 2 (two) 90,102.
Each channel has A4 81,91 and A, 82,92 with channel spacing,
and in this instance the channel spacing is greater than 6Avpyp.
In this embodiment, half of the coded FEC, in this example Reed-
Solomon code(255,239), frame for channel 1 80 is transmitted
on A¢ and the other half of the frame is transmitted on A;,
similarly transmit half of the data frame for channel 2 90 on A,
and half on A4, in this way, interleaving is achieved in wavelength
space. Of course, the FEC coded signal may be divided in any
arrangement, and the half-half arrangement is merely and
example. Additionally, FEC codes other than Reed-Solomon
include, for example, cyclic code, Bose Chadhuri Hocquenghem
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(BCH) code, concatenated code, turbo code, and convolution
code. The interleaving approach to reduce PMD effect in optical
signals may be applied to all FEC codes, and in particular FEC
codes that are able to correct burst errors.

In a preferred embodiment,; the all wavelengths occupy 1/n
frame, where n is the number of wavelengths. At a receiver, after
optical detection, data on A4 and A, for channel one 101 and
channel two 102 is combined. It will be appreciated that this
technique can easily be generalized to the case of multiple
wavelengths with expected better performance.

In studying the performance a two wavelength system, the
bit error rate (BER) for a system using wavelength interleaving
and FEC is:

A7)+ p,(0,A
BER:ffP(Ar)(Afl)P(Ar)(A"z)PFEc(pE(Q 71)2P © Tz))dAfldATZ

Where p,(0,A7)is the BER for a system with signal to noise ratio
Q and DGD value of Arand p,,(A7) is the probability of DGD has

a value of Az, and mean value of (Ar). It follows a Maxwellian

probability density function, and prec(p) is the output error
probability though the use of FEC with a input error probability of
p.

The BER for the system is shown in FIG. 2, compared with
systems with no FEC applied 72, FEC applied without interleaving
74, FEC applied with interleaving technique 76, and with ideal
interleaving 78. The BER output represented by representations
of no-interleaving 72,74 and with ideal, non-practical interleaving
78 are discussed by Ho et al. With no FEC 72, FEC with no
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interleaving given as reference 74, clearly, improved performance
is obtained when FEC is applied with interleaving 76.

In greater detail, curve 72 shows the tolerance of PMD
when no FEC technique is applied. PMD tolerance is
approximately 0.2Tpjt , if <t> > 0.2Tyit, regardless of the value of
Q, performance is limited. For example to realize BER < 107'?,
the minimum Q value required is about 17, which is difficult to
achieve in common optical transmission systems. ,

Curve 74 shows the situation after FEC without interleaving
technique is applied. Although there is little improvement of
tolerance of PMD, the minimum Q value required to achieve BER
<10 s sharply decreased to approximately 8.

Curve 78 shows an ideal case where FEC with full or infinite
interteaving is applied. There is great improvement to the PMD
tolerance, however, this technique is not practical to implement.

Shown in FIG. 2, curve 76 is the results shown for an
embodiment of the invention, corresponding to the two-
wavelength diversity technique with FEC. It is shown that the
PMD tolerance is increased by 0.25T;t, which may improve if the
number of wavelengths is increased in wavelength diversity. It
should be noted that PMD will not automatically increase with an
increase of wavelengths used, rather the value of PMD may
change randomly for different wavelength channels.

In FIG. 4, region 112 is the region that transmitted signal is
not acceptable when FEC is not used, because the BER is higher
than an acceptable level, for example when BER is approximately
10"°. The transmission is acceptable when FEC modules are
used, because BER will typically be lower than 10°°. Region 110
is the region where the transmitted signal may be acceptable if

FEC is used with optical interleaving. Thus, when FEC is used in
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the system, interleaving improves the region of acceptable
transmission signals.

The embodiments offer PMD mitigation through the use of
wavelength interleaving, that is compatible with existing high
speed optical communication systems while the data rate is
maintained. The interleaved wavelengths can be transmitted and
add/drop together as a wavelength bundle. For example, for a 32
wavelehgth system with 4 wavelength interleaving, 8 wavelength .
bundles can be formed. This compares favourably with the
wavelength redundancy scheme where all the 32 wavelengths
have to be transmitted and add/drop together.

Another embodiment may comprise 32 wavelengths with 2
wavelength interleaving. In such an arrangement, 16 wavelength
bundles are formed, and 2 wavelengths may be added are
dropped together at anytime. The add/drdp feature of any
wavelength may be added or dropped together in a wavelength
bundle. The wavelength bundle refers to a group of wavelengths
are transmitted and received together. For example for a 32
wavelength system with 4 wavelength interieaving, using
wavelengths 1,9,17,25, these four wavelengths form a bundle.

AThe bundle of four wavelengths then may be transmitted,
received and add or drop together. It will be appreciated that
interleaving that is done in the electrical domain may form part of the feature of
standard FEC to reduce the effect of dispersion and noise. However,
interleaving in the electric domain does not and cannot provide a practical
solution to solve PMD problem since at any wavelength the effect of PMD to
every bits in a FEC frame is the same. An embodiment of the invention solves
this problem using wavelength interleaving in optical domain since the PMD
statistics for different wavelengths are different.

In the foregoing manner, a system and method for reducing
polarization mode dispersion (PMD) effect in optical signals is
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disclosed. Only several embodiments are described. However, it
will be apparent to one skilled in the art in view of this disclosure
that numerous changes and/or modifications may be made

without departing from the scope of the invention.
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CLAIMS:

1. A system for reducing polarization mode dispersion effect in
optical signals in optical transmissive medium, the system
comprising:

a transmitter means for transmitting an optical signal
through the optical transmissive medium; and

a receiver means for receiving the optical signal from the
optical transmissive medium, wherein the transmitter means
and receiver means comprise a coder means and an
interleaving means, wherein the signal is encoded by coder
means in the transmitter means, and the signal is decoded
by coder means in the receiver means, of frames on at least
two channels, each channel having at least two portions of .
the frames, and a portion of frames of one channel is
interleaved by interleaving means with a portion of frames
of another channel to reduce the effect of polarization mode

dispersion effect on the optical signal.

2. A system of claim 1 wherein the interleaving means further
comprising at least two demultiplexers and at least two
multiplexers for interleaving a portion of the frames of the
signal from one channel with a portion of the frames of the

signal from another channel.

3. A system of claim 1 or 2 wherein the transmitter means and
the receiver means further comprising a synchroniser to

synchronise the timing of the signal on each channel.
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4, A system of any preceding claim wherein the forward error
correction code is Reed-Solomon code (255,239).

5. A system of any preceding claim wherein the channels have
a channel spacing of at least 6Avpyp Where Avpup is

polarization mode dispersion frequency bandwidth.

6. A system of any preceding claim wherein the each portion

of frames on each channel substantially the same size.

7. A system of any preceding claim wherein the optical
transmissive medium is optical fibre.

8. A method for reducing polarization mode dispersion effect in
optical signals in optical transmissive medium, the method
comprising:

transmitting from a transmitter means an optical signal
through the optical transmissive medium; and

receiving at a receiver means the optical signal from the
optical transmissive medium, wherein the transmitter means
and receiver means comprise a coder means and an
interleaving means, wherein the signal is encoded by coder
means in the transmitter means, and the signal is decoded
by coder means in the receiver means, of frames on at least
two channels, each channel having at least two portions of
the frames, and a portion of frames of one channel is
interleaved by interleaving means with a portion of frames
of another channel to reduce the effect of polarization mode

dispersion effect on the optical signal.
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A method of claim 8 wherein the interleaving means further
comprising at least two demultiplexers and at least two
multiplexers for interleaving a portion of the frames of the
signal from one channel with a portion of the frames of the

signal from another channel.

A method of claim 8 or 9 wherein the transmitter means and
the receiver means further comprising a synchroniser to

synchronise the timing of the signal on each channel.

A method of any of claims 8-10 wherein the forward error
correction code is Reed-Solomon code (255,239).

A method of any of claims 8-11 wherein the channels have a
channel spacing of at least 6Avpup Where Avpup is

polarization mode dispersion frequency bandwidth.

A method of any of claims 8-12 wherein the each portion of

frames on each channel substantially the same size.

A system of any of claims 8-13 wherein the optical

transmissive medium is optical fibre.
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