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Effect of First-Order PMD Compensation
on the Statistics of Pulse Broadening in a
Fiber with Randomly Varying Birefringence

Daniel MahgereftehMember, IEEE,and Curtis R. MenyukFellow, IEEE

Abstract—Polarization mode dispersion in standard telecom- which the signal is broken up into the two principal states
munication fibers can be compensated to first order by using and the differential group delay between the two states com-
the concept of principal states of polarization. At the receiver pensated either electronically [3] or optically [4]-[5]. Because

the pulse is decomposed into the two waveforms polarized along . e . .
the two principal states for the optical link and their delay is of the random nature of PMD in telecommunication fibers, it

removed. We show by Monte Carlo simulation that compensa- IS important to know how the statistics of pulse broadening is
tion sharpens the probability distribution function of the pulse changed by such compensators. Analytical calculations, which

durations by a factor that decreases with increasing polarization treat first and second order PMD, are only valid for low PMD

dispersion. values and are not adequate for the evaluation of compensators
Index Terms—Optical fiber communications, optical fiber dis- in a real system.
persion, optical propagation, polarization, compensation. Here, we use Monte Carlo simulations to assess a differ-

ential group delay compensator and determine the degree of

|. INTRODUCTION compensation as a fL_mction of polarizatipn dispersion. We
) ) B . compare the distributions for the pulsewidth increase with

HE DEMAND for bandwidth is requiring the transmis-gng without compensation after signal propagation through a
sion of higher bit rates in older installed fibers whergye \vith randomly varying birefringence. We show that the

polarization mode dispersion is a limiting factor. The smalbohensator sharpens the distribution of pulse durations by
randomly varying birefringence of standard telecommunica:, amount that depends on the ratio of the fiber length to

_tion fibt_ers tends to _depolarize optical signals and ranc_ior_{rp]-e PMD length, defined aépyp = (T/Dpap)?. Here T

ize their phase. This frequency-dependent phase variati@ine jnitial root-mean-square (rms) pulse duration, where the
broadens an input optical pulse as it propagates through [iia| pulse is single polarization and transform-limited, and

fiber, leading to intersymbol interference. A key concept iy "in psh/km is the polarization dispersion of the fiber.
analyzmg.polgnzatlon mode dls.perlsmn in fibers with rand‘?miyhysically,Lp]\qD is the length scale on which a pulse will
varying birefringence is the principal state [1]. For a giveegin to spread significantly due to polarization dispersion.
length _of fiber, the_re are twp orthogonal states of _polarlzatlcwe evaluate the degree of compensation by considering the
at the input that yield polarization states that are independeplnge in means and standard deviations of the distribution of
of frequency to first order at the output. These orthogong|,isewidths as well as the effect on the tail of the distributions
polarization states, called the input and output principal stalggn and without the compensator. We find that compensation
of polarization, are a convenient basis set for analysis pfyces the mean and standard deviation of pulse durations by
arbitrarily polarized pulses. Poole and Wagner [1] have shoW,ctor that decreases with increasing polarization dispersion.
that the _polanzatlon dl_spersmn of any _0pt|cal pulse afte_r Theory: Consider an arbitrarily polarized time-varying
propagatlon_throug.h a fiber can be described to first orde.rﬂ@'d, Eo(t) = E.(t)exp(iwot)é,, launched into a fiber of
terms of a differential group delay between two pulses havifgngth 1, with randomly varying birefringence. We assume
the polarization of the output principal states. that there is no chromatic dispersion, as occurs when the
One can use the concept of principal states to compensg{@age dispersion is zero, and no polarization-dependent

for polarization dispersion to some extent. Hastsal [2] |5s5 The optical field at the output can be written as the sum
have shown that dispersion can be reduced by transmittigg o waveforms

or receiving a principal state of polarization. There are also
several optical and electronic techniques for compensation in
P q P Ey(t) = E+(t) + E_(1) (1)
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Here,E,(w) is the Fourier transform of the input fieléh. (w)
and ¢+ (w) are the output principal states of polarization and
their corresponding phasesy(w) = ¢, - ¢;,(w) are the
projections of the input polarization on the input principal
states,e,+, andw is frequency.

To compensate for polarization dispersion to first order, the
output pulse is decomposed into the two principal states at
the central frequencyw,, and the waveform of the faster
moving principal state is delayed byAr(wo) relative to the
waveform of the slower moving principal state so that the
two overlap in time. HereAr(w) is the differential group
delay between the output principal states of polarization. The
compensated field may be written as

E)= [ B

x {explicus (@) — Ar(wn),/2le (@)eus (wo)
+ explidy—(w) + A1(wp) /2]e— (w)ep—(wo) } dw.
@3

The first-order frequency dependence of the phase factors
cancels in (4), leading to a reduced polarization dispersion.
We determined the effect of this operation on the pulsewidth
after propagation through a length of fiber.

Numerical Model: We used the model of Wai and Menyuk
[6] in which the fiber is a series of segments of lendth
having fixed and a wavelength-independent difference in the
index of refraction,An, induced by the birefringence with
a randomly varying axis orientation angkg, In this model,
the rate of change of the orientation with distance along the
fiber is a dimensionless random variallewith zero mean.
For an ensemble of fiber realizations to have a gi¥&hup
independent of the length of the segmenjs,has to have
a standard deviatiotig?)*/? = 2An/Dpyn x cl*/?, where
Dpvn = /(A72) /L, cis speed of light, andA72)!/? is the
ensemble average differential group delay.

For each fiber realization, we solved for the output Jones
vectoré(z,w) and the dispersion vectél(z, w) defined on the
Poincaé sphere, as a function of optical frequency. For each
segment with fixed birefringence axis, the evolution equation
for the Jones vector and dispersion vector are [7]
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Fig. 1. Probability density functions for pulsewidth increase after propaga-

and tion through fiber with various values of polarization mode dispersidn.
, Without PMD compensation(): with first-order PMD compensation. (a)
o & £ 2b L/Lpyp = 0.5. (0) L/Lpmp = 2. (¢) L/Lpmp = 4.
gl Q2] = - fgi+ | 200 (5)
“\ Qs 0 26825

_ These equations are the inverse of the well-known relations
whereb = Anw/2c and¥’ = An/2c. The magnitude of the petween the Jones vector components and their Pé&ncar
dispersion vector at the output of the fiber gives the differentighhere representations.

group delay A7(w) = [@(w)|, and its direction{2 = Q/|Q[,  we calculated the rms pulsewidth of the output electric field
determines the output principal states of polarization: with and without compensation for 33 fiber realizations at 9
R (QQ + ng) different center frequenciesy,. The separation between the
et =+ —F—m—== (6a) center frequencies was larger than the decorrelation frequency
2(1 ¥ () width of the dispersion vecto2(z,w), thus ensuring that
R - changing the center frequency is equivalent to choosing a
éox =1/ (LFh)/2. (6D)  statistically independent fiber realization.
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TABLE | same range ol /Lpyp. Clearly as dispersion increases, and
COMPARISON OF THEMEANS AND STANDARD DEVIATIONS OF the reduction factors approach unity, the advantage relative
THE DISTRIBUTION OF PULSEWIDTHS AFTER PROPAGATION
THROUGH A EiBER WITHOUT AND WITH POLARIZATION MODE to the uncompensated values decreases, but the absolute
DisPERSION COMPENSATION FORV ARIOUS VALUES OF L/ Lpmp advantage increases.

Lo | B | Tome | =olom] Oorcoms | Ocomp | Cmomloow Compensation also reduced th_e tail of the distribution func-_
Y 107005 553 5594 e K] tions wherg th_e worst cases reside. As a measure of thel tail
035 533 1 0.0585 | 39.8 2.01 0.152 133 of the distribution, we chose the pulse duration beyond which
8-50 ‘;'2?, 8-22 %3-(5) 2,22 g-gg;‘ g-gg only 0.1% of the cases reside,,, and calculated it with and

75 ) . ] . ) ) : .

5 ST T 115 793 730 149 753~ Without compensation for all the cases. We found thgt
1.25 11.30 1.76 6.42 8.66 2.12 4.08 values have the same dependencd.@ghpyp as the standard
};‘5) 1135465 g-;g Z-‘;Z 1101-151 %’2? gf; deviations with and without compensation.

50 77 713 339 77 739 390 Since the early work of Poolet al, it has been under-
4.0 33.9 13.3 2.54 213 117 1.82 stood that differential group delay compensation significantly

reduces pulse broadening for low PMD values. In this work we

The input pulses had Gaussian envelopes and had widf¥e found that at values &f/ Lewp as high ad./Lenp = 4,
such thatL/Lpyp = 0.12,0.25,0.5,0.75,1.0,1.25,1.75, 2, there is a statistical advantage in doing first order PMD com-

and4, corresponding to moderate to high polarization dispep_ensation, although the relative advantage steadily decreases

sion. For each fiber realization and center frequency the inptith increasing PMD.
state of polarization sampled 300 randomly chosen input states.
Hence for a given ratid./ Lpyp, NV = 33 X 9 x 300 = 89100 ACKNOWLEDGMENT
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