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Mitigation of Polarization-Mode Dispersion in
Optical Multichannel Systems

S. Sarkimukka, A. Djupsjobacka, A. Gavler, and G. Jacobsen

Abstract—Simulations of first-order polarization-mode disper- B. Compensation of PMD

sion (PMD) mitigation, based on the electrical power spectrum has _ .
been performed. We show that, although first-order compensation ~ DU€ t0 the statistical nature of PMD, it cannot be compen-

significantly improves the signal quality for PMD values of a few Sated or mitigated with fixed compensators and all PMD com-
tenths of the bit-slot, the improvement still is deficient for telecom pensation techniques must, therefore, rely on feedback systems.
purposes when the PMD value neighbors a third of the bit-slot. Two common sources of feedback information is the degree
We, therefore, propose and analyze a novel concept for PMD mit- ¢ 1y5)arization (DOP) and the electrical power spectrum. The

igation in optical multichannel systems, which increases the sys- . - ..
tems reliability at the expense of the total capacity for the same first method utilizes the depolarizing effect that PMD has on

system. With the proposed method, which uses switching to redun- Signals by measuring and maximizing the degree of polariza-
dant channels based on measurements of signal quality of all chan- tion in order to suppress PMD induced broadening of the input

nels in the actual system, the PMD value can be increased to a half pylse [2]. In a field measurement with this method in combina-
of the bit-slot while still keeping the probability for signal outage at tion with first-order compensation, a receiver ran “mostly error-

acceptable low levels. In the appendixes we simulate the statistical i . .
impact of different PMD-emulator models and we show that static free,” at 10 Gb/s with an average DGD of 30% of the bit-slot,

bit sequences may induce notches in the electrical power spectrum. for @ time span of 45 days [3]. The second method is poten-
These notches may obstruct the extraction of feedback signals for tially more straightforward to implement in a practical system

PMD-mitigator schemes based on electrical power spectrum. and it bases the feedback on the electrical power spectrum [4].
Index TermS_COI"npensation, electrical power Spectra‘ Optica|_ ThIS method haS a|SO ShOWI’] an ab|||ty to COI’ltI‘Ol a Compensator
fiber communication systems, polarization-mode dispersion for mostly error-free results [5], [6]. The feedback information
(PMD), PMD emulator, PMD mitigator, polarization, wavelength  from the two methods is often used to control a first-order com-
division multiplexing (WDM) systems. pensator consisting of a polarization controller followed by a
birefringent section, but multisection setups have also been used
[7], [8]. Alternative compensating methods are, among others,
equalizers in the electrical domain [9] or launching of the output
polarization in a principal state [10]. However, a drawback with
A. Polarization-Mode Dispersion (PMD) all published compensation methods is that they merely sup-

OLARIZATION mode-dispersion (PMD) arises in fiberspress first-order effects and that they do not work satisfactory in
when the cylindrical symmetry is broken due to noncirthe tail of the PMD distribution.
cular core or noncircular symmetric stress. The loss of circular
symmetry destroys the degeneracy of the two eigenpolarizatich
modes in the fiber, which will cause different group velocities The purpose of this paper is twofold. First we investigate the
for these modes. In standard single-mode fibers PMD is randdin)itations of first-order compensation based on simulations of
i.e., it varies from fiber to fiber. Moreover, in the same fibefeedback from the electrical power spectrum, and of first-order
PMD will vary randomly with respect to wavelength and ameompensation in general. We show that the spectral feedback
bient temperature. This behavior can be explained by differgnethod has the ability to utilize compensation possibilities of a
geometrical stress irregularities along the fiber length combinéitst-order compensator and we conclude that first-order com-
with coherent interference between the two eigenpolarizatipgnsation is beneficial for pulse-shape restoration of random
modes. Since there are many cross-coupling points in the fibleit, sequences. However, to reach a signal outage level accept-
in which coherent interference occur, the final result can be dghle in telecommunications systems, higher order compensa-
scribed as a random-walk process according to a Maxwellitian is probably necessary. In Section Ill, we propose a novel
distribution [1]. Since PMD has a statistical nature, it is commomnethod to improve the bit error rate (BER) of a system limited
to denote a single outcome of the statistical process as diffey- PMD. The concept uses switching in a wavelength-division
ential group delay (DGD) whereas PMD is the expected meanultiplexed (WDM) system, where some channels are reserved
value of the same process. for protection. Thereby, high-quality transmission capacity can
be obtained at bit rates substantially higher than in present sys-
tems. The reason is that the method enables both compensated
Manuscript received April 24, 2000; revised July 12, 2000. and uncompensated systems to operate at bit rates where single
The authors are with Ericsson Telecom AB, Optical Networks Research Lathgnnels have a relatively high probability of failure. When
oratory, S-126 25 Stockolm, Sweden (e-mail: anders.djupsjobacka@etx.ejic-,.. . : .
sson.se). raffic on a channel starts to be distorted it can be redirected.
Publisher Item Identifier S 0733-8724(00)09095-2. Correctly designed, the increased channel bit rate will surpass
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the average channel capacity needed for protection. With tt PMD o ______,
method, five times as much PMD can be tolerated compared Moduator emulater | v vajua - Receiver LP-fiker

the suggested International Telecommunications Union (ITL % — x20 1 —
limit (Recommendation G.691).

A. Single-Channel Simulations

| 1 + Ay
1) The PMD Emulator: The model used for single-channel
simulations is explained with reference to Fig. 1. The optice =~ ‘o ___________]
modulator to the left generates a nonreturn-to-zero (NRZ) dawa
signal at 10 Gb/s with a raised-cosine pulse-form, i.e., a singig. 1.
pulse has acs2-shaped pulse-form. The next block is the PMD
emulator which consists of 20 randomly concatenated segme~*-

Il. MITIGATION OF PMD i
)

of high-birefringence fiber. The number of segments was co  |[-~ 0.3 PMD/T Uncomp.
sidered as high enough to give a continuum of time-of-fligh T S DT Urager comP: i
for this purpose [11], see Appendix A. In the PMD emulato  2°°°[L-_-_0.5 PMDIT First-order comp. n

the difference of time-of-flight for the two eigenmodes in eac

segment was set {@\7/v/20)N(1,0.2), whereN (i, o) is the

normal distribution with expectation valyeand variancer?,

whereAr was the PMD value for the emulator. :
2) The PMD Mitigator: The PMD mitigator, the dashed box

in Fig. 1, consists at its input of a polarization converter d

rectly followed by a single segment of high-birefringence fibe

the difference of flight-of-times was set to the same that 2000

was used for the PMD emulator. The polarization converter ¢

be modeled in a number of different ways. Here we used

standard configuration of a lambda-quarter plate followed by

lambda-half plate and a second lambda-quarter plate. All tht 0

plates can be rotated independently relatively to each other. W 06 065 Ey%;pening in %Z:ps of 0‘010'8 085

a staticAr for the PMD mitigator, we can look upon the miti-

gator as a device that adds a PMD vector of lenfythto the Fig. 2. PMD is stochastic. This can be visualized by plotting the eye opening

PMD vector generated by the emulator. This means that t’ﬁﬁsteps of 0.01 for 10 simulations, e.g., measurement situations, with

L. . . D/T-ratios of 0.3, respectively 0.5.

PMD mitigator might run into trouble for very low and very

high DGD levels out from the PMD emulator, i.e., in the tails of

the DGD distribution. simulations, we used optical signals with cyclic bit sequences
3) The Detector and the Bandpass Filter§he signal at the containing 128 randomly selected bits. The reason for this

output of the birefringent fiber was detected with a standagdioice is that a random signal describe the reality better

intensity detector followed by a fourth-order Bessel-Thomsdhan tested static signals, see Appendix B for a discussion

filter with a 3-dB bandwidth of 7.5 GHz.The feedback signal concerning bit sequences.

was extracted from two bandpass (BP) filters with center fre-

guency and 3-dB bandwidth of 2.5 GHz and 0.5 GHz for thB. Success Ratio

first BP filter and 5.0 GHz and 0.5 GHz for the second BP \ith published methods like the ones mentioned in Section |
filter. All BP filters were in this case modeled with Lorentzian; might be possible to compensate for a PMD value of half of
transfer functions. The response from the BP filters is then f@gk pit siot, which equals a PMD/T ratio of 0.5, during a time
to the control logic which controls the polarization convertegpan |imited to some hours or some days. However, no method
The PMD mitigated output signal is taken at the output frofhakes it possible to compensate for enough of all statistical out-
the fourth-order Bessel-Thompson filter. comes of PMD-induced pulse distortion to meet normal system
4) Random or Static Bit Sequence&fter every simulation requirements on a year-long basis. This problem is visualized in
we saved three time-domain signals after the detector: th%_ 2, where the eye opening after*i€imulations before and
uncompensated signal, the lowest eye-opening penalty afi@gr first-order compensation is plotted. Every simulation was
216 different combinations of the wave-plate positions, afg|jowed by arandom change in input polarization, bit sequence,
the signal for which the added power from the BP filters wagngles between the fiber sections, phase shift in the splices, and
maximized. The latter signal was chosen among the abayR pirefringence in order to simulate measurements separated
mentioned 216 scanned positions. This signal will hereaftgf, a time span long enough to remove all correlation with the
be referred to as the first-order compensated signal. In tBRevious one. The resulting eye openings varied from values
close to zero up to an upper limit of 0.87 instead of 1.0, due to a
1According to the ITU-T Recommendation G.957. fourth-order Bessel-Thompson LP filter in the receiver model.

imes
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Number of t
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simulations and “0” denotes tOsimulations. Note that at 0.5 PMD/T, the

Fig. 3. DGD versus wavelength for 10/25/50 ps of PMD according to oempensated single-channel signal has a success ratio of 99% which means
20-section emulator model. The wavelength span corresponds to six chanti#é 99% of the samples in Fig. 2 should statistically have an eye opening
separated by 0.8 nm or 100 GHz. greater than 0.63.

WDM system with, e.g., a 100-GHz channel spacing this is valid

When the eye opening is close t(_) the upper limit, the BER of then o, the PMD value exceeds 10 ps [12]. Second, we calculate
channel can be assumed to be limited by the system as suchy [0 eviously mentioned success ratio for a number of uncor-
have an unambiguous definition of a successful compensatj@iLaq samples at each PMD value. In a third step, we con-
we choose to define a lower limit or a success limit as an e¥gjar 3 WDM system as a unit and use the success ,ratio for a
opening of 0.63, corresponding to a 2-dB reduction in reCeiVef, e channel as an input to a binomial distribution. This en-

sensmwty ir_' a system that is limited by thermal n(_)ise. At tigples us to calculate an outage ratio for a system, which is the
success limit, we assume that the BER is4.(After a fiber with robability that less than 12 out of 16 channels have an eye

a PMD/T ratio of 0.5, our first-order compensator managed {,aning that exceeds the success limit. As can be seen from
exceed the success limit in 99% of the situations, which equa]l% fight y-axis in Fig. 4, a 10° outage ratio for the WDM

a success ratio of 99%. This meant that the first-order comp&listem as a unitis found at a PMDI/T ratio slightly over 0.5 for a

sator did not work in 19out of 10 measurementsituations andg oy der-compensated system. For an uncompensated system,
as can be seen in Fig. 2, the first-order compensated 0.5 PM 106 outage ratio is found at a PMD/T ratio slightly over

statistics is only slightly better or more biased to the right thaflo5 At these points, the success ratio for a single channel is
the uncompensated 0.3 PMD/T statistics, compare the daskgd, ( 20, with a confidence of 0.95 [13]. Note also that our
line (0.5 PMD/T first-order compensated) with the bold dotted,qrithm in most simulations managed to find the best of the
line (0.3 PMD/T uncompensated). The average first-order OBl g qcanned positions, which can be seen in the minor differ-
pensated eye opening after the 0.5 PMD/T fiber in Fig. 2is 82%, .« hetween the dashed and the solid curves in Fig. 4.

but the lower tail of the distribution is wide. For some statis- The outage ratio is 0.15 for a 16/16 system when the success
tical outcomes our PMD first-order compensator and the bestr%o is 99% 2

. . . X 2 which means that there is a 15% probability that
the 216 points did not work well enough. This lead to periods;,a channel or more should have an eye opening below the suc-

of time with unacceptable high BER. With 20 000 simulationgeg jimit in a simulation. Combined with the 12/16 outage ratio
with a PMD/T-ratio of 0.3 the compensator as well as the b&gh -ncjude that the four channels used for protection could be

of the 216 scanned points failed four times. This indicates that.q for low-priority traffic, with a BER lower that—°, with

already at this level it is difficult to benefit from first-order com-; 915 probability for a channel failure, and that three fourths
pensation in practice. '

of the traffic could be guaranteed to carry high-priority traffic,
with a BER lower than 16°, with a 10-6 probability of failure.

IIl. A M ULTICHANNEL SYSTEM In other words, if a system has several channels and switching
is allowed, and if the system is considered as a unit, it is pos-

The s_wﬂched m|t|g§1t|ng method can be explamed n thre?b e to construct an acceptable system at PMD/T ratios where
steps. First, we start with some observations which are presente o L
R ! . . a single channel has a 1% probability for an outage. This is il-
in Fig. 3. In a WDM system over a fiber link with PMD, the - ) . .
DGD for different channels varies in time compared to eaéHStrated in Fig. 5, where DGD is mapped as a function of time
b and wavelength and, as additional information, 10 WDM chan-

other. The time and wavelength variations for all channels are . e marked as black lines. solid when the DGD is low and

centered on the same DGD, i.e., all channels experience ) . . .
same PMD. We also assume that the PMD value is high enou%??ted when the DGD is too high to enable quality transmission.

to remove all correlation between neighboring channels, for &The 16/16 outage ratio is calculatedias- 0.991¢.
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Fig.5. Wavelength-time resolved DGD plot. The DGD value is represented —— Electrical transmission

greyscale inthey-plane. The solid black lines represent active channels and the

dashed black lines represent inactive channels. The white arrow marks chamigl 6. The switching can be performed in the electrical or in the optical

switching where a channel with high DGD is switched to another channel wittomain.

low DGD. The DGD plot is based on a real measurement, but channel spacing,

wavelength interval, etc., have been altered for illustrative purposes. In this

example, we use six out of ten channels with one channel switching during a TABLE |

26-h period. MAXIMUM PMD AND AVERAGE CHANNEL BIT RATE OF A 16-CHANNEL
EXAMPLE SYSTEM FORFOUR DIFFERENT SYSTEM MODELS

As can be seen from the figure, five channels could be used con-  Method Max PMD | Channel Cap.
tinuously for 26 h, whereas a sixth channel could be held open  TTU 01T 16/16B
by switching. Theoret. 0.35T 16/16B

The switching will additionally make it possible to exploit Switched 0.25T 12/16B
the performance improvement of different modulation formats Switchedd;Comp. || 0.5T 12/168
or the PMD compensators of today, even if they do not reach a
satisfying statistics on a single-channel basis. In Fig. 6, which
is a 'sugges.ted_ implementation, the switching is controlled by, .\ 5MD anp ToTaL s(;AS\L_ EIT”RATE OF A 16-CHANNEL SYSTEM
quality monitoring in the management system. FOR FOUR DIFFERENT SYSTEM MODELS

The suggested ITU limit (Recommendation G.691) for
PMD/T, a theoretical prediction [14] of first-order compen- 10 Gbps 40 Gbps
sation with a BER of 10°, and our results are summarized | Method PMD Sys.Cap. | PMD Sys.Cap.
in Table I. It should be noted that the statistical models differ | ITU 10 ps 160 Gbps | 2.5 ps 640 Gbps
between the rows of the table and they should not be straight- gh?fflftd g?, ps igg ?;Eg: 2'?) e i‘ég gggz

i H H witche

forwardly compared with each other. We can just note that if a Sw.&Comp || 50 gs 190 Gbps | 12 ps 480 Gbps

single uncompensated channel is operated at the suggested IT
limit of 0.1 PMD/T, the momentary DGD exceeds 0.35 with
a probability of 106, Exactly how this would affect the BER
of a channel is system-dependent and the same eye-opening
dependence in BER calculations is also valid for a 12/16 We have proposed an analyzed a novel concept for PMD miti-
system. gation in multichannel systems. The method is based on looking
The new fiber has PMD ratios below 0.1 p&m, butinmany at the system as a unity and define the system as working when a
fibers installed, the PMD ratios are in the range between 0.1 arettain part of the total number of channels is working. Thereby
2 psh/km [5]. This means that PMD values between 2.5 areh uncompensated system can be operated at a PMD/T ratio of
50 ps are common in 600-km links whereas the ITU standa®dd5 and if the proposed method is combined with first-order
proposes 10/2.5 ps as PMD limits for 10/40-Gb/s transmissidP@MD mitigators, working on single-channel basis, the PMD/T
When the protection level of the switched method is increasedfio can be increased to 0.5. In both cases, the number of avail-
both the BER and the maximum tolerated PMD are improvedble channels is decreased by one fourth, i.e., four channels are
at the expense of total capacity of the system. In our first-ordesed for protection in a 16-channel system. In other words, with
compensated 12/16 example, the PMD/T ratio is increased fibee proposed method we do not try to fight the tail of the PMD
times. If we assume that the BER at the 12 best channels digtribution, we simply switch over to another channel with a
of 16 at a PMD/T ratio of 0.5 is comparable to the BER at thigetter signal quality. This makes it is possible to construct an
suggested ITU limit of 0.1 PMD/T, a four-time faster systeracceptable system even if a single channel has a probability of
could be installed, which is the common increase in bit rate &% for a BER higher than 1¢. The simulations also showed
telecommunication systems, see Table II. that a first-order PMD mitigator controlled by feedback from

IV. CONCLUSION
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Fig. 7. Variable connections and different fiber lengths. The solid line in theig. 8. Variable connections and equal fiber lengths. The solid line in the figure
figure is the calculated DGD distribution, the dashed line is the theoretidalthe calculated DGD distribution, the dashed line is the theoretical prediction.
prediction.

1000 . ,

the detected electrical power spectrum usually managed to find i .. ' '
the best of the 216 different mitigator settings for tested PMD/T g 800 | i
ratios in the range between 0.2 and 1. This means that elec- %5 I ]
trical feedback offers an excellent method to control a first-order § 600 |- 5 ]
PMD mitigator. - ; p

& 400 4 -

APPENDIX A t y
=] 9 "
Today, it is a common method in laboratory environment to Z 200 | S 1

build PMD emulators by fusing short lengths of randomly con- &

nected high-birefringence (HiBi) fibers together. The number of 0 — L ——

\ : 0 10 20 30 40

fibers normally varies between 10 and 20 [11], [15]. In computer

models, HiBi-fiber PMD emulators are often simulated with one DGD  [ps)

section Wher(.a the Slg_nal is coupled to.bOth th? fast and the SIEiW. 9. Fixed connections and different fiber lengths. The solid line in the
axes of the HiBi fiber; thereafter, the signal arrives at the outpjfure is the calculated DGD distribution, the dashed line is the theoretical
of the fiber with different flights of time. Then the signal is cousprediction.

pled into the next HiBi fiber, which has a random orientation of

!ts prlnC|p_aI axis with re_spect to the previous one. This couplin ery simulation. An equal fiber length means that the same and
is done with both amplitude and phase taken into account at %

. i ) ual fiber lengths were used for all simulations. Comparing the
cross-coupling point. The reason that both amplitude and ph% ves in Figsg7—9 we can conclude that it is the varEslble?:on-

are treated a? the crpss—coupllng points is that the total DGDJ"? ctions that ensures the really good Maxwellian statistics for
the emulator is considered to be smaller than the coherence t ne probability density curve of the DGD distribution, and not
?f th_e ?EB;E&;S uset:l. tTh'S procedure is repeated for every SH& different HiBi-fiber lengths. However, different fiber lengths
|o(n:|n € etmu afor. HiBi-fiber PMD lat h have been advocated as important parameters for HiBi-fiber
ommon guestions Tor FIBI-iber emulators ar€ NV emuylators connected to light sources with low coherence

many sections shall be used, if all fiber sections shall be Bhne [11], e.g., LEDs. But that has not been investigated here

equal or of random length, and if there should be fixed or Vally our calculations, we used a 20-section HiBi-fiber PMD em-

:B:g gg?}gigzggz Eztnwt?:?jitfrf}iuﬁfglgg?ﬁilr?isatr‘;tcz(,:ttlaﬁliga:i;)\%éior wiFh both variable connections and diffgrent HiBi-fiber
puter model they can be added with very little extra effort. In ngths, i.e., a PMD emulator comparable to Fig. 7.
Figs. 7-9, we compare the DGD statistics produced by simu-
lated wavelength scanning at1®avelengths with a theoret-
ical prediction for three different 20-section HiBi-fiber PMD The transfer function for a single section of birefringent fiber
emulators, each designed for a PMD of 10 ps. The three cage&s rise to spectral notches at subharmonics of the bit fre-
are: a variable connections and different fiber lengths, Fig. uency, if the light is launched in both the slow and the fast
a variable connections and equal fiber lengths, Fig. 8; andaais of the fiber [4]. The origin of the notches are the different
fixed connections and different fiber lengths, Fig. 9. A variablémes of flight in the axis and the notches can be used to con-
connection means that new angles were used between filterta first-order compensator consisting of e.g., a polarization
for every simulation. A fixed connection means the same acentroller and a birefringent fiber with the same DGD as the
gles for all simulations. A different fiber length means that newriginal link. In order to restore the input pulse, the energy at
Gaussian-distributed fiber lengths were calculated for the subharmonics can be detected and maximized by turning the

APPENDIX B
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Fig. 10. Electrical power spectrum for a static seqeunce of 128 bits after a fildg. 11.  Electrical power spectrum for a random segeunce of 128 bits after a

with a PMD/T ratio of 0.5.

polarization controller. This procedure leads to a minimizatiol
of the total difference in time of flight for launched pulses. In
the presence of PMD the same method can be applied to st
press first-order effects.

If PMD is simulated with static bit sequences it is impor-
tant that its spectral properties are well known, especially whe
using the DGD-notch method, because a static sequence mi.
have imperfections in the frequency spectra. This might lez
to bit-sequence-dependent notches at subharmonics in the sg

ye—-opening

trum, which, in turn, might lead to unintended effects, especiall !

when combined with a control method based on DGD-induce
notches in the spectrum. In Fig. 10, notches due to the bit s
guence are visualized for a fast Fourier transform (FFT) con
patible 2 -bit static sequenceThis sequence can be comparec
to a random sequence, which is not likely to have pronounce
notches like the ones that can be found in the spectrum of a sta
signal. With a random bit sequence it was not of primary impor-

°
»

fiber with a PMD/T ratio of 0.5.

== Input signal
Uncomp.

= — Best of 216

tance where exactly in the spectrum below the bit-rate frequerngy. 12. Eye openings of a random signal.

the filters of our first-order compensator were placed, becaus

e

DGD-induced notches could not be noticed after a 20-secticn

emulator, see Fig. 11. Instead, the important factors seemed
be the combination of filter placement, filter bandwidth, anc
weight factors that allowed the first-order compensator to re
tain the energy of the output spectrum close to the undistort:
spectrum, starting from a dc level and as high in frequency ¢
possible. In Figs. 12 and 13 the eye openings of the spectrum
Fig. 11 are presented.
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the receiver was modeled with a perfect response down to direct currect (dcfrig. 13. Eye openings of a random signal.
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