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Fig. 1 Experimental set-up for total input DOP(8) YS output probe DOP measurements. Inset: dispersion 
map. 
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Fig. 2 (a-e)Output probe DOP afler 3 spans versus relative input polarization angle E, far several 
pump-probe power ratios (PR): measurements (dots), simulations (tiangles) and theory (eq. 3) (lines). 

Hence, all we need is to evaluate the time-aver- 
ages in (2). 
Now, suppose a string o f k  consecutive ” I ”  occurs 
in the pump bit sequence. To evaluate the effect of 
such string on Ayr(t), we assume to modulate the 
pump with a periodic sequence of k ” I ”  followed 
by k “0” and so on. A periodic and skew-symmet- 
ric signal Ap(t) results with period 2kT, being T 
the bit period. We can easily evaluate the angle 
Av(t) from (1) if we approximate Ap(t) with the 
first harmonic of its Fourier series expansion: 
Ap(t)z (41n)sin(wovk)12. where w Q = f l  is the fre- 
quency of the 1010 ... bit sequence. Note that &e 
inWin(1) isthewnvolutionofthenonnahdpump 
wih a wk-?ff$Ile H(w), whose 
can be appmximated as l H ( + [ % Y q  
far long fibers (L>>l/o) [5]. Hence, one gets 
( ~ ~ P ~ I H ( o d k ) l ( 4 / ~ ~ ~ ~ ~ ~ .  To evaluate the 
time-averages in (2), we can expand cosAyr(t) and 
sinAyr(1) in Fourier series. Averaging over periods 
much longer than ZkT, one gets <sinAyr(t)%O, 
and (cosAw(t)>=J (AyM(k)), where Jo, is the 
zero-th order Besse? function of the fust kmd, and 
Ayrhl(k)=(819)yP,lH(wdk)1(4h)/2 is the mani- 
mum swing angle for the probe SOP. 
Of course, when the pump is modulated by a 
pseudo random bit sequence (PRBS), we should 
consider all possible strings of k ones (&I ... 8). 
In an uncoded P S, the relative occurrence of 

the process &(I), we can evsluate the time-aver- 
age <cosAyr(t)> through the summation of 
Jg(AyM(k)) terms weighted by their relative 
occurrence. Propagation on more than one span 
can be easily accounted for by multiplying the 
arguments of the JQ functions by N, ~, proyided 
that fiber losses are recovered and i%ne disper- 
sion is perfectly compensated at each span. 

such stings is 112 T . Resorting to the ergodicity of 

The fiMl fOrmUla for the DOP is: 

(3) 
which is an approximation, since we are only 
approximating an achlal PRBS. The dependence 
of the DOP on the relative pumpprobe polariza- 
tion angle E can be made explicit by using the two 
relations given above for 8, and P,. From (3), we 

see that, if polarization contml of the signals 
(E=180° or +Oo) cannot be achieved, e.g., due to 
PMD. the basic countermeasure azainst DOP dee- 
radatkm is to increase the wag-off by fu&r 
spacing the channels or by using a more disper- 
sive fiber. Increasing the bit rate implies both B 
smaller T and a larger A& in (3), hence a reduc- 
tion of XPM-induced DOfdegadation. 
Experimental and slmulationa results: We per- 
formed DOP measurements an the disperston- 
managed 3x100 km link depicted in Fig. 1. The 
dispersion map is shown in the inset. We used 
TeraLighP as the pansps ion  fiber, with a=0.2 
d B h ,  ~ 1 . 6 8  W km’ and D = 8 pslnmikm, 
whose total measured DGD on th‘e link is below 2 
ps, so that PMD can be safely neglected. Pump 
and probe are spaced by A L p . 8  nm and are 
NRZ modulated at 10 Gb/s Y independent bit . .  
sequences. 
We performed five sets of 500 measurements of 
both the total input DOP and the output DOP, 
after filtering the probe channel, randomly chang- 
ing the polarization controller (PC) each time. 
Fig. 2a-e reports the measured probe DOP (dots) 

~~~ . ~~~ 

dBmTw&le thebower ratio PR is varied fo;&h 
set of measurements. The relative polarization 
angle 8 can be easily calculated from the mea- 
sured input DOP and the power ratio PR. 
Fig. 2f reports BER measurements for the same 
case of Fig. 2e. Without giving details about the 
receiver, the purpose ofthis figure is to show that, 
as 8 increases, the efficiency of XPM is reduced 
by the misalignement of pump and probe polar- 
izations and, as is well known, the best perfor- 
mance is obtained for orthogonally polarized (in 
Jones space) channels (E=180°). 
All plots in Fig. Z(a-e) have the same V-shape. 
Their symmetry, however, is related to our system 
parameters and is not a general feahlre of (3). In 
fact, by increasing P a shifl of the minimum 
towards larger 8 Val& is observed from (3). We 
use different DOP scales to highlight the cases in 
which the pump power is smaller. The spread in 
the measuremini points is mainly dui  to the 
amplifiers noise, which is the main source of 
depolarization when XPM is neelieible (small 
PR). Such effect is not taken into k.&t h the- 

ory and simulations. A v e ~ y  good fit is observed, 
hence eq. (3) allows an easy closed-form predic- 
tion of system behavior with goad accuracy. 
Conclusions: We derived a closed-form approx- 
imate expression for the DOP of a signal 
degraded by the XPM of a nonlinearly interfer- 
ing pump. Although in the absence of PMD, 
DOP degradation does not affect the BER, the 
quantification of this effect is useful to assess the 
performance of OPMDCs driven by the DOP as 
a feedback signal. Experimental measurements, 
as well as simulations, confirm the goad accu- 
racy ofthe derived expression. 
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Experlmeotal Statistical Assessment of XPM 
Impact on Optical PMD compensator 
EMclency 

E. Corbel, J. P. Thidry, S. Lanne, S. Bigo, 
Alcolel Research & Innovalion, Morcoussis, 

In this paper, we report experiments on the statis- 
tical assessment of the reduction of PMD mitiga- 
tor efficiency in presence of XPM effects. The 
XPM-induced depolarization limits compensation 
in polarization dispersive ultra-long haul system 
at I O  Gbls. 
1. Introduction 
Since Polarization-Mode Dispersion (PMD) has 
been desigoated as a major impairment for optical 
transmission systems, many types ofoptical PMD 
compensator (OPMDC) have been proposed, 
starting from the simple mitigator [ I ]  and heading 
for mitigation of higher-order components of 
PMD[2]. 
The system generally corresponds to a non-realis- 
tic transmission because it consists of an (higher- 
order) emulator fallowed by the compensator. In 
other wards, other propagation effects such as 
Chromatic Dispersion (CD) and Kerr effects are 
not often taken into account, for computation time 
reasons, even if Some papers focused on c h i  
effcclr On compm,almn~[3] or sIuJ~cJ the bch& 
101 of Degree of Polaniaiion (DOPj as fredback 
sirnil in D ~ C S C ~ C C  of %If-Phase \ l odu lam 
(*M) [4]. h a t  lack is all the more important that 
we are already aware of the subtle interplay 
between Kerr non-linearities, chromatic disper- 
sion and PMD [ 5 ] .  
In the same context, some have recently shown 
that XPM effects make the PMD mitigator be less 
efficient [6,7]. The purpose of this paper is to 
experimentally check the reduction of PMD miti- 
gation efficiency from a statistical paint ofview. 
2. Considerations about XPM Impact on PMD 
compensation 
In this paper we focus on first-order compensa- 
tion. It consists of a polarization controller and a 
piece of Polarization Maintaining Fiber (PMF) 
(see OPMDC on figure I-a). The mitigator aims 
at inverting PMD conditions that the incoming 
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signal has undergone during its propagation. Due 
to stochastic name of PMD, a feedback loop is 
required in order to make the inversion adaptive. 
The feedback signal is chosen to be well cone- 
lated with bit-error.rate. 
B.C. Collings et al. have shown both theoretically 
and exoerimentallv 181 that XPM effects are 

I L 1  ~~ 

responsible for a nonlinear polarization evolution. 
When considering only two channels at different 
wavelengths, each state of polarization (SOP) in 
the PoincarC sphere pcrfomn a precession with 
distance around the mean vector of the two input 
SOPs. If the channels are amplihlde modulated, 
the SOP of  one channel for a given propagation 
distance will pace to and fro depending whether 
the other signal propagates a "0" or a "I". This 
panem dependence of the state of  polarization 
leads 10 a depolarization of both channels. A. 
Vmucc i  et al. have elaborated a model which 
describes that depolarization [SI. The latter 
depends on the conditions of non-linear coupling 
between the two channels : increasing power or 
decreasing channel spacing or walk-off make the 
depolarization more exacerbated. If the relative 
anale between the two channels equals 0 or 180" 

pattern has two main consequet~& as far as PMD 
mitigation i s  concerned. Firstly, due to the fact 
that a polarization controller can not move as fast 
'as the cment  bit-rate (10 Gbls and higher), the 
mitigator is unable to follow these variations. Sec- 
ondly the XPM effects may lead to a distorsion of 
the dedicated feedback signal : DOP in a straight- 
forward way, as well as spectral lines;eye-moni- 
toring ... which arc extracted from a distorted 
electrical specvum. 
In [6], R. Khosravani et al. have numerically sNd- 
ied the reduction of the compensator efficiency 
with a 8-channel system at I O  Gbls. In~[7], Z. Pan 
et al. provide an experimental verification of the 
expected reduction with first-order PMD emula- 
tor. In this paper we demonstrate that degradation 
of  PMD mitigator performances in the case of 
higher-order PMD emulator and from a statistical 
piint of view. 

3. System under study 
The full set-up is schematically depicted on figure 
1. We consider two channels whose spacing i s  set 
to 0.8 nm in order to avoid any non-linearly- 
induced overlap between channels' spectra. Each 
channe IS separately NU-modulated with a 10 

uncomelation between them. The signal propa- 
gates over 3x100 km of TeraLighP fiber. 
Because SPM and PMD interplay, the power of 
signal channel is kept constant and equal to 3 
dBm. The power of pump channel can be 
switched from 3 dum to 12 dBm, while OSNR of 

Gb/s 2 \ '  5 - ~  sequence, so as to ensure complete 

effects withau; PMD Is 0.5 'dB (resp. 0.8 dB) in 
the best case i.e. 0 = 180" (resp. in the wont case, 
i.e. 0 = 0') with respect to linear sihmtion (see 
notations on figure I-c). 
PMD i s  introduced thanks to a ten-section emula- 
tor. Each Section consists of a polarization con- 
troller and a PMF. The amount of total PMD is 30 
ps. Because PMD modifies relative SOPs of two 
channels With different wavelengths, XPM- 
induced depolarization i s  averaged over a part of 
the range of relative angle between input SOPs 
([0 ... ISO]). So as to roughly reproduce that mix- 
ing over distance, emulation is distributed all 
along the line. Before the fust span o f  Ter. 
=LightTM fiber, we put one section (only first- 
order PMD) ofemulator in order to avoid that rel- 
ative state of pol-ation remains the same over 
the entire fin1 span. Then, 3 sections are added in 
each inter-stage, before chromatic dispersion 
compensation fiber (see figure I). 
The feedback loop uses DOP as feedback signal 
and the DGD brought by compensator is set to 
53. I ps. In presence of PMD, four cases are under 
study (P. : average signal power, P : average 
pump power) : 1 linear case with P,= k = 3dBm, 
2 non-linear case (XPM) with P,= 3dBA and P = 
12 dBm and 0 = 180" (cross-polarized channelf 3 
non-linear case (XPM) with P, = 3dBm and Pp = 
I2 dBm and 0 = 0" (co-polarized channel), 4 non- 
linear case (XPM) with P, = 3dBm and P = 12 
dBm and random 0. In the latter case, the r h i v e  

angle is randomized over the Poincare sphere, 
thanks to a programmable polarization controller 
in the same m as signal. For each PMD condi- 
tions change, a new relative angle between input 
SOPs is applied, whereas cross-polarization and 
co-polarization situations are provided thanks to 
a polanration-maintaining coupler and a polar- 
ization-beam coupler. The poweb on pre-ampli- 
tier is set to obtain a UER of 10. without XPM 
(pump is switched o m  with the constant OSNR 
(24 dBlO. I nm) and without PMD. 

i f  the cumulative distribution function (cdfc) of 
the Q-factor penalty in decibel with respect to Iin- 
ear transmission. In each case, more than 1000 
PMD conditions have been drawn. That is why 
the cdfc is reliable only down to 10.'. 
Without PMD comoensatian : taking into account 
intrinsic penalty that stems from XPM effects 
without PMD, figure 2-e shows that linear PMD- 
induced penalty c m  not be simply added to th? 
XPM one, as far as cumulative probability of 10. 
is considered. Even ifPMD tends to mix the rela- 
tive angle between channels during propagation, 
the Q-factor penalty i s  more relevant when non- 
linear coupling is most efficient (0 = 0"). The case 
for which e is randomized is very close to the 
worst case. That deleterious interplay between 
XPM and PMD has alreadv been rmorted by L. 
Molleret al. [IO]. 
With PMD Esmnenration : compensation effi- 
ciency is assessed by measuring the difference 
(SQde) between Q-factor penalty without and 
with compensation for a cdfc of Figure 2 
shows a reduction o f  PMD compensation effi- 
ciency in presence.of XPM effects. The cases 0 = 
0 or 180" suffer from the excursion of relative 
angle starting from 0 or 180' because of  PMD- 
induced mixing, which leads to XPM-induced 
depolarization (which adds to PMD-induced one). 
When the relative angle i s  randomized, the reduc- 
tion of PMD compensator efficiency is the most 
striking because, as expected, a larger XPM- 
induced depolarization is mare likely to occur. 
As an extension, the non-linear cross-phase 
(defined as wNL = yPpLeEfor one span, where L,8 
is the effective length) which is accumulated afler 
3x100 km of TeraLighP with a pump pawer of 
12 dBm equals 1.57 rad. For a more realistic sys- 
tem with equal power 3dBm on each channel, the 
same amount of cross-phase is reached after a 
propagation of2400 !an, which corresponds to the 
range ofultra-long hauls. That is why we consider 
XPM effects as a major limitation of PMD.com. 
pensated long terrestrial links at I O  Gbls whereas 
the depolarization is much less deleterious at 
hieher bit-rates. as medicled bv model 191. .. 
5.kCanclusions ' 
We have experimentally shown, from a statisti- 
cal point o f  view, that not only penalty due to 
PMD is exacerbated in presence of XPM but 
also XPM-induced depolarization can lead to a 
degradation of PMD compensator efficiency at 
10 Gbls. This effect should be taken into a~count  
when assessing the impact of PMD in ULH 
transmission systems. 
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Time Resolved Characterization of the 
Polarization State of Optical Pulses 

0. Buccafusca, P. Hemday, 
Agilenr Technologies, Sonto Rosa, CA, 
Emmail: osvaido_buccqfusco@il~~l .~~~.  
A technique to determine the time evolution of 
the polarization state within an optical pulse is 
described and example measurements of pulses 
affected by polarization-made dispersion are 
presented. 
1. Introduction 
The design of high-speed fiber optic telecommu- 
nications systems requires careful control of 
polarization effects in fiber and components. An 
additional challenge is the interaction of these 
effects with each other and with other system 
parameters such as modulation format, chromatic 
dispersion and fiber nonlinearitics. In some cases, 
such as polarization-mode dispersion (PMD), it 
may be necessary to actively measure and com- 
pensate these effects through the entire link A 
broad assortment of analytical and measurement 
techniques has been developed to characterize 
polarization effects and design appropriate miti- 
gation techniques (1-71. In this paper we present a 
methodology to measure the time evolution ofthe 
polarization characteristics, specifically the 
Stokes parameters, within fast optical pulses. The 
effectiveness of the technique is demonstrated by 
measurements of the impact of PMD on narrow 
pulses. The applications for this 'ype of measure- 
ment include pulselsoliton propagation studies, 
polarization model verification and PMD mitiga- 
tian research. 
2. Measurement Description 
The measurement technique involves recording 
the time-resolved intensity of the pulse afler 
transmission through polarization filters with a 
known transfer functions [XI. In OUT setup the fil- 
tering functions are provided by the Agilent 
8169A polarization controller, which contains a 
half-wave plate followed by a quarter-wave plate 
and a polarizer. When the polarizer is set at 0 
degrees, the output intensity is given by : 

2 z 
~ ( r ]  = sD(f)+[+'(zs, - ae,)-co2pqn--. Q(0 

=[sin(44 -U*) c.Siz4jj s""-r . in(2~,&@ 2. 

(1) 
where B is the angle of hi4 plate, 8, i s  the angle 
of hi2 p h e  and Si is the ith-Stokes parameter. By 
setting four different independent combinations of 
angles 0 and Bp,, the four Stokes parameters can 
be deterhned from the following expression: 

2: 

(2) 
where 11(0 is the intensity for the condition B = 
8, = 0 ;12(l) for the condition 8 = 0 and Oh= 4%'; 
lj(0 for 9 = 0 and 0, = 22.5"and 14(0 for 8q = 

45" and 8, = 0. 
By this technique, the measurement of the time- 
resolved polarization state is reduced to the 
sequential recording of the intensity traces I,@ to 
I &  The time resolution ofthe technique is deter- 
mined by the recording insmment. The use of a 
photodiode and an electrical sampling scope lim- 
its the resolution to about 6-7ps. In this paper, the 
resolntion was improved to about 650fs by using 
an Agilent 861 19A optical sampling oscilloscope. 
The sequential nature ofthe measurement method 
requires temporal stability. Averaging improves 
the signal to noise ratio, but increases the acquisi- 
tion time. In the measurements presented in the 
next section each trace was acquired using aver- 
aging times of less than 60 seconds. 
3. Results and discussion 
We performed measurements on a vaiety of sys- 
tems with different pulse sources and fiber types. 
Due to space constraints, we present only two sets 
of results involving polarizatian-maintaining fiber 
(PMF). This type of fiber has hvo distinctive prin- 
cipal polarization states (PSP) with different 
transmission velocities. The differential goup 
delay (DGD) between the PSP's directly broadens 
the received pulse as the projection in the fast axis 
accelerates with respect to the slow one. This 
effect i s  observed in the first example. A short 
laser pulse was transmined through a 2m long 
piece of polarization-maintaining fiber (PMF). 
The input pulse was linearly polarized at about 45 
degrees relative to a birefringent axis to aliaw 
transmission in both fast and slow eigenmodes of 
the fiber. The pulse duration was measured to be 
4ps at the input of the PMF. The time-resolved 
Stokes parameters, normalized to So. are shown in 
Figure I ,  where the time was arbitrarily set to aero 
at the middle of the pulse. The vertical polariaa- 
tion (zero degree azimuthal angle) was set parallel 
to the fast birefringent axis. The polarization 
ellipses at the top of the chart show the state of 
polarization at each time withm the pulse. 

,I 

M b.1 
Fig. 1. Time resolved normalized Stokes parame- 
ters for the case ofa  4ps optical pulse injected in a 
2m PMF. 

As expected, the pulse was broadened due to the 
DGD of the PMF. The full-width, halfmaximum 
(FWHM) output pulsewidth of Sn was measured 
to be 6.4ps, which is 2 . 4 ~ s  broader than the input. 

azimuth change si&ficantly. These chang& are 
due to the temporal displacement between the 
'fast' and 'slow' components of the optical pulse. 
This walk-off between the eigenmodes of the 
PMF affects both the amplitude and phase of the 
instantaneous electric field within the pulse. 
To support the data, we ran a simple simulation 
that consisted of hvo gaussian pulses propagating 
in the eigenstates of the PMF in a quaai-mono- 
chromatic avvroximation. The simulation used a 

evolution of the Stokes dammeters, bi t  showed 
significant deviations around t=O. This was asso- 
ciated to OUT assumption of gaussian pulses. At 
1-0, the fast eigenmode intensity is decreasing 
while the slow one is increasing, consequently the 
shape of the pulse affects significantly the polar- 

ization state. Our assumption of gaussian pulses 
imposed undesirable limitations because the 
pulse-shape retrieved from our measurements 
indicated asymmetric pulse-shapes for the eigen- 
modes. 
The second example also included PMF, but addi- 
tional components were added to generate ellipti- 
cal PSP's and produce an arbitrary launching 
polarization into the PMF, This compound system 
consisted of a few meters of single-mode fiber, a 
fiber coil-type polarization adjuster and a 2m long 
PMF. The length of the fiben was kept short to 
limit chromatic dispersion. The source in this case 
was B 1 . 8 ~ ~  optical pulse fmm a fiber ring laser. 
Because the source pulse was short compared to 
the DGD of the system, two pulses appeared at 
the output. Figure 1 shows the time evolution of 
the S-parameters a i  the output Dulses. The anti. 

-@SI 

Fig. 2. Time resolved normalized Stokes parame- 
t e r ~  for the case of a 2ps optical pulse injected in 
an arbitrary system 

Figure 3 shows the Paincui Sphere plots of the 
two results just described. The open triangles rep- 
resent the trace for the first example, 2m of PMF. 
The points are spaced evey  IOOfs. The initial 
state is vertically polarized light, according to our 
system of reference. The final state was in the 
region of horizontal polarization but exhibited 
some ellipticity One possible explanation of this 
effect is a slight misalignment between the fiber 
axis and the polarizer, which will be more notice- 
able for the horizontal polarization. The interme- 
diate states depict a spherical spiral as the 

~ 

amplitude and phase of the pulse changes with 
time within the pulse. The solid squares in the 
same figure represent the results in the compound 

sponding to the distinct output pulses. These clus- 

degree of polarization close to unity 

c -~ - - - 
system of the second example, also spaced by 
1OOfs. Two basic clurten are observed, corn- 

ters represent the PSP's of ow system. The paints 
lie on the surface of the sphere, which indicates a 

~ si 

c 
-~ -. 

Fig. 3. Evolution of the output polarization state 
of optical pulses OD the P o i n c d  Sphere. The 
open mangles represent the case of a 4ps pulse 
afler a 2m long PMF. The solid squares corne- 
spond to 1 . 8 ~ ~  pulses after a compound fiber sys- 
tem. Points are spaced by lOOfs 

3. Conclusions 
We introduced a technique to measure the time- 
resolved polarization state of optical pulses. By 
using an optical sampling scope, we were able to 
measure the Stokes parameters of short pulses 
travelling through a PMF. In this case, PMD 


