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1 Infroduction

In optical fiber transmission systems with
transmission speeds exceeding 10 Gbps per
channel, polarization-mode dispersion (PMD)
is one of the major factors limiting system
performance. Unlike other degenerating fac-
tors (such as chromatic dispersion and nonlin-
ear effects), signal degeneration caused by
PMD is time variable and random, which ren-
ders it difficult to deal with. Since the late
1980s, many studies have been conducted
concerning clarification of the PMD phenome-
non, its quantitative evaluation, and counter-
measures to compensate for PMD. Recently,
detailed PMD evaluation has also been con-
ducted in installed fiber transmission systems
in connection with the introduction of 40-
Gbps transmission in practical systems. This
article describes the basic characteristics of
PMD, the statistical properties of PMD in
some installed fiber transmission systems, and
the principles of proposed methods of PMD
compensation.

2 Basic characteristics of polar-
ization-mode dispersion

The single-mode optical fiber used in
long-haul transmission features slight birefrin-
gence due to the formation of an off-circular
core and application of transverse stress in
production, cable creation, and installation.
The magnitude and the direction of this bire-
fringence change randomly in the direction of
transmission. This sort of optical fiber can be
modeled by serially connected short birefrin-
gent fibers whose eigen axes rotate randomly.
Assuming that the entire length of the fiber
consists of n birefringent fibers, the input opti-
cal pulses are in general divided into 2" com-
ponents, each of which reaches the output end
of the fiber at different moments. Consequent-
ly, the output waveform is distorted. This phe-
nomenon is referred to as polarization-mode
dispersion (PMD).

Let us consider input of a continuous
monochromatic wave into such an optical
fiber. If the polarization state of the input light
is randomly selected and fixed, the polariza-
tion state of the output light changes periodi-
cally when the carrier wavelength of the input
light is varied. However, if the input light is in
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particular polarization states, the polarization
state of the output light does not change in
first order even when the carrier wavelength
of the input light is varied. There are two such
input polarization states, which are orthogonal
to each other. Each of these states is referred
to as the input Principal State of Polarization
(PSP)111. The output polarization state corre-
sponding to the input PSP is referred to as the
output PSP. The difference in the group delays
between these two orthogonal PSPs is referred
to as the Differential Group Delay (DGD). We
note that this polarization behavior is the same
as that seen when a continuous monochromat-
ic wave is input into a linear birefringent fiber
with a constant birefringence. In other words,
a general single-mode optical fiber with slight,
randomly changing birefringence behaves
similarly to a linear birefringent fiber with
constant birefringence. (See Fig. 1.) However,
PSP is elliptically polarized in general, with
PSP and DGD changing according to wave-
length. A general single-mode optical fiber
with slight, randomly changing birefringence
can be modeled as a linear birefringent fiber
with a constant birefringence only in a narrow
band around each wavelength. The approxi-
mate value of the bandwidth is expressed as
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Behavior of opfical pulses propa-
gating in (a) linear birefringent fiber
(polarization-maintaining fiber) with
a constant birefringence and (b)
general single-mode optical fiber
(non-polarization-maintaining fiber).
(Despite the explanation in the
main text, this figure illustrates puls-
es input fo the fiber instead of a
confinuous wave.)

follows[2][3]:

AV, =125GHz/(DGD(ps)) . (1)

Here, (DGD(ps)) is the average DGD, in
picoseconds.

Let us now consider the input of mono-
chromatic light featuring an arbitrary polariza-
tion state into the single-mode fiber intro-
duced above. The polarization state is
expressed as follows using two orthogonal
input PSPs, ein(wo) and ein(wo), at the angular
frequency of wo:

E; =ce;(0,)+c,e (o). (2)

The electric field of the output signal is
expressed as follows using the propaga-
tion constant f(w) and the unitary matrix

u(@) (o)

U(o) :[ ], which describes the change

—0(0) (o)
in the polarization state[1][41:
Eout ((D) = exp[IB(O))Z]U((D )E in

= exp[iB(oo)z{U(coO) + S—EA(»} 3)

[cieh(00) +coe5 (@) ]

The last line of the equation above expands
U(w) around wo and omits the second- and
higher-order terms. Aw=w- wo also holds.
Here, the input PSP, ein (wo), satisfies the
eigenvalue equation,

iU Vet () =k'e, 0,)
do

and the relationship eout(w0)=U(wo)ein (wo)
holds between the output PSP and the input
PSP. Based on these facts, Equation (3) is
rewritten as follows:

E,.(0) = exp[iB(@)z][c exp(ik A )3, (o2,

+c, exp(ik’Aoo)e;m ((00)].

Here, the DGD, A1, between the two PSP is
given as follows:

“4)

At =k —k™ = 24/ldu, /do]* +|du, /da]’ -

Using the output electric field (4), one can
show that the Stokes vector Sou of the output
light Eou satisfies the following equation:
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% =QxS,,. )
Here, Q is a vector in the Stokes space with
the same magnitude as Az and the same direc-
tion as the Stokes vector corresponding to the
output PSP, eout. Q is a quantity that character-
izes the polarization characteristics of this
transmission line and is known as the polariza-
tion-mode dispersion vector.

Equation (5) expresses how the polariza-
tion state of the output light changes when the
length of the transmission line and polariza-
tion state of the input light into the transmis-
sion line are fixed and the carrier frequency is
varied. On the other hand, when the carrier
frequency is fixed and the length of the trans-
mission line is varied, the polarization state of
the light output from the transmission line
varies according to the following equation:

% =WxS,,. (6)
Here, W is a vector that expresses the local
birefringence of the transmission line and is
known as the birefringence vector. For exam-
ple, for a linear birefringent fiber with a mag-
nitude of birefringence satisfying Af=pfx- fy
and an axis extending at angle # from the x-
axis, W is expressed as follows:

W= [ABcos(29),ABsin(29),O]t . (7

Equations (5) and (6) combined yield an equa-
tion that expresses the spatial variation of the
polarization-mode dispersion vector as
follows[5]:

o = w +WxQ . (8)

0z 0w
As discussed earlier, a general single-mode
optical fiber can be modeled as serially con-
nected short birefringent fibers with their
eigen axes rotating in random directions. Solv-
ing Equation (8) for such a fiber using Equa-
tion (7) yields the polarization-mode disper-
sion vector Q, which describes the polariza-
tion characteristics over the entire length of
the fiber(s]. When the direction of the eigen

axis of each birefringent fiber changes ran-
domly, Q is also a random variable. The mean
square of the magnitude of Q is calculated as
follows:

(o) =N(aty ©)

Here, N is the number of serially connected
birefringent fibers, and At is the DGD of each
birefringent fiber. Equation (9) expresses that
the root mean square (rms) value of the DGD
of a general single-mode optical fiber is pro-
portional to the square of the distance. When
N is sufficiently large, each component of
is a random variable that follows a Gaussian
distribution. In this case, the magnitude of
Q—in other words, the DGD—features a
Maxwell distribution, and its probability den-
sity function is expressed as follows:

32x° 4x°

—exp| — > (10)
(Y n{|cY)

pDGD(X) =

3 Polarization characteristics of
installed optical fiber transmis-
sion lines

The DGD of a general single-mode optical
fiber transmission line changes randomly with
time according to the environment surround-
ing the transmission line. The DGD also
changes when the carrier wavelength of the
signal changes. When the frequency difference
is approximately six times the frequency
width given by Equation (1) or greater, the
DGD behaviors of the two wavelengths are
nearly independent(7]. When the DGD value
exceeds the upper limit determined by the sig-
nal transmission speed and the modulation
format, system outages occur. When designing
high-speed transmission systems, it is impor-
tant to know the extent to which the system
failure rate due to PMD depends on transmis-
sion speed and modulation format, and the
extent to which this failure rate can be reduced
by PMD compensation.

Traditionally, when calculating the system
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failure rate due to PMD, the distribution of the
DGD of the transmission line has in most
cases been assumed to feature a Maxwell dis-
tribution, as discussed in Section 2[8]. The
individual channels of wavelength division
multiplexing (WDM) systems are each also
considered to exhibit the same failure charac-
teristics. On the other hand, it has recently
been pointed out that a number of practical
installed transmission systems do not feature a
Maxwell distribution within a specified time
scale and that different wavelength channels
of the WDM system may present different
failure characteristics[9]-[11].

Figure 2 shows a model of such a trans-
mission system. The transmission fiber
between the transmitter and the receiver is
buried underground in most sections. Howev-
er, the fiber is drawn aboveground at a finite
number of positions (for insertion of optical
amplifiers and dispersion compensation mod-
ules and to carry the line over rivers). In sec-
tions where the transmission line is under-
ground, the variation over time in the sur-
rounding temperature is small, and the DGD
and PSP values of these sections change little
over long periods (of several weeks to several
months). On the other hand, in sections where
the transmission line is aboveground, the tem-
perature around the fiber changes rapidly, on
the order of hours or minutes. Accordingly,
the polarization state of the transmitted light
varies significantly. In other words, this sort of
transmission fiber behaves as a finite number
of birefringent fibers connected via variable
polarization rotators. When the number of
birefringent fibers constituting the transmis-
sion line is small, the statistical characteristics

Stable fibers buried underground

/N

I ’ Bridges etc.
In-line amw

Temperature fluctuations / Mechanical vibrations

\{le}”4 Model for installed transmission line

of the DGD deviate significantly from those
described in terms of a Maxwell distribution.

For example, let us consider a transmis-
sion line with an average DGD of 3 ps from
the transmitter to the receiver. This transmis-
sion line is considered to consist of six sec-
tions of stable transmission lines and five
polarization rotators that connect these sec-
tions. The DGD of each section takes a ran-
dom value following the Maxwell distribution,
with an average value of 3 ps/y6. Now let us
consider two sets of DGD values for the six
sections: Set A, with (0.93 ps, 0.82 ps,
1.17 ps, 1.62 ps, 1.14 ps, 0.55 ps); and Set B,
with (1.37 ps, 0.77 ps, 1.94 ps, 1.47 ps,
1.70 ps, 2.43 ps)[111. These two sets may be
considered to comprise values for two differ-
ent wavelength channels of a WDM system.
Figure 3 shows probability density distribu-
tions for total DGD for Sets A and B calculat-
ed under the assumption that the polarization
state of the polarization rotator placed in the
nodes between the fiber sections are scattered
uniformly and randomly on the Poincaré
sphere. (The probability density function can
be calculated analytically(12].) Figure 3 also
shows the Maxwell distribution with an aver-
age of 3 ps. Figure 3 shows that the probabili-
ty density function differs for each set of val-
ues and also differs from the Maxwell distrib-
ution. In particular, the chance of developing a
large DGD that may cause system failure
varies between the sets. These distributions
continue for a relatively long period, until
there is a change in the DGD value of either
section. Thus, it is possible that during this
period system failures will frequently occur in
a given wavelength channel while they will
occur only rarely (i.e., the probability of sys-
tem failure is zero) in another wavelength
channel. This result represents a significant
difference in terms of system failure character-
istics derived under the assumption that the
DGD of every wavelength channel follows the
same Maxwell distribution. System design
policy and a PMD compensation strategy thus
need to be revised accordingly.
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4 Polarization-mode dispersion
compensation

As discussed above, the polarization char-
acteristics of an optical fiber transmission line
change randomly with time. To avoid signal
degradation and system failures caused by
PMD, researchers have proposed and dis-
cussed a large number of methods. Two such
methods, specifically aimed at reducing signal
degradation caused by PMD, are (1) use of a
modulation format with high resistance to
PMD and (2) compensation in the optical or
electrical domain.

For Method (1), it has been demonstrated
that the RZ signal format offers higher resis-
tance against PMD than the NRZ signal for-
mat. Electric power is more concentrated
around the center of the bit slot in the RZ sig-
nal than in the NRZ signal, such that interfer-

ence between symbols occurs less easily in
the RZ signal, even when PMD should broad-
en the waveform. However, the RZ signal fea-
tures a broader spectral width, so PMD com-
pensation is less effective in the optical
domain(13]. Recently, the use of multi-level
modulation—which can reduce the symbol
rate while maintaining the bit rate—has
attracted attention as a means to avoid the
degradation of transmission characteristics
caused by PMD. In this context, the PMD
resistance of the DQPSK (Differential Quad-
rature Phase-Shift Keying) transmission
scheme has been studied in detail(14]. It is
also known that the optical soliton transmis-
sion scheme, combined with a form of trans-
mission control such as synchronous ampli-
tude modulation, also offers high PMD resis-
tancel15]. This transmission scheme is based
on a type of all-optical 3R regeneration. 2R or
3R regeneration is effective in countering
accumulated signal degradation from a vari-
ety of sources other than PMD, and these
methods have also been demonstrated to be
effective in PMD compensation[161[17]. Fig-
ure 4 shows an all-optical 2R signal regenera-
tor with a simple configuration based on the
nonlinear effects of the fiber. Self-phase mod-
ulation within the highly nonlinear fiber
broadens the spectral width of the input sig-
nal, and an optical bandpass filter with a
slight wavelength shift cuts out a part of this
spectrum. This process provides reliable
waveform shaping and noise reduction for the
signal pulsesi18]. Figure 5 shows the results
of calculation of the extent to which eye-
opening degradation due to PMD is sup-
pressed if this regeneration device is inserted

HNLF

OBPF
in z out
Ay W h+ AL

All-optical 2R regenerator based on
nonlinear effects of optical fibers.
HNLF: highly nonlinear fiber; OBPF:
optical bandpass filter
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in a 40-Gbps, 1,000-km transmission system
(with PMD of 0.3 ps/km'? [16]. Though 2R
regeneration alone cannot provide sufficient
PMD compensation, combining this method
with timing regeneration based on synchro-
nous modulation significantly reduces signal
degeneration.

As for Method (2), many reports over the
past dozen years or so have addressed adap-
tive compensation in the optical domain(19].
One representative method involves transmit-
ting signals using only one of the PSPs of the
transmission lines, along with a polarization
controller (which is controlled by the signal-
quality-monitor signals fed back from the
receiver) placed at the input end of the trans-
mission line. Another method involves the
insertion of a PMD compensator, consisting
of a polarization controller and a delay line, at
the receiver end of the transmission line. We
note that the PMD compensation methods
discussed here relate in principle to first-order
PMD compensation. The spectral bandwidth
subject to this compensation is narrow, and
two or more compensators (often one for
each channel) are required for PMD compen-
sation in WDM systems. To minimize this
problem, several methods have been pro-
posed for sharing compensators between the

WDM channels(eol[21].

Waveform compensation by signal process-
ing in the electrical domain after detection[22]
(in particular when compensation is provided
in each channel in a WDM system) also offers
cost advantages. However, in this case it is
difficult to provide accurate compensation
including higher-order PMD, and it is also dif-
ficult to apply this compensation to high-
speed transmission at 40 Gbps or higher.

5 Future problems for research

In order to solve the problem of signal
degradation caused by PMD and to compen-
sate for this phenomenon effectively, it is
essential to be able to quantify both variation
over time and randomness of the PMD. Sever-
al studies to date have measured the rate of
variation in DGD or PSP over time. However,
theoretical analysis has been rare(23]. In the
future, it will be important to clarify, in a sta-
tistical manner, system downtime and other
data. Discussions of operation speeds and
optimization of the adaptive control algorithm
in an adaptive PMD compensator are also
rare. Quantitative clarification and control of
the PMD phenomenon and the dynamic
behavior of compensation are among the main
research topics for the future in terms of polar-
ization-mode dispersion. It is also important to
find effective methods to avoid outage due to
degradation in transmission caused by inter-
mittent and probabilistic PMD, including con-
trol in the upper layers of optical networks.
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