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While the polarization decorrelation length is the
scale on which the ensemble average

{Si(z))
reaches its asymptotic value of 0, the diffusion
length d is defined as the distance it takes for the
variance of the Stokes parameter Sy to reach its
asymptotic value of 1/3. This asymptotic value is
1/3 since the Stokes vectors are asymptotically
uniformly distributed on the Poincaré sphere. We
define the diffusion length 4 to be the maximum
of the values dy, d, and ds, In Fig. 2, we show the
results of simuiations for different values of 7/ ¢,
These results show that as the ratio ¢/ & converges
to the isotropic value 1, the local diffusion len,
becomes proportional to the fiber decorrelation
length hgpe. However, the diffusion length has
the same convex dependence on hgy,, / Lyg for all
values of 1/ 5, except for the isotropic case t /g =
1, which is a singular limit. Thus, a small elliptic-
ity has no significant effect on system behavior as
compared to the case of only linear birefringence.
However, the variation in the diffusion lengths for
small Agy,. / Lg and as 7/ & becomes larger indi-
cates that tﬁne interaction between nonlinearity and
PMD is changed as the strength of the ellipticity
1S increased.
In conclusion, we have described the dependence
of both the polarization decorrelation length and
the diffusion length on the amount of ellipticity
present in an opticat fiber. These results demon-
strate in particular that the expression for the
DGD in terms of the fiber correlation length does
not depend on the strength of ellipticity. However,
the diffusion is in general anisotropic on the
Poincaré sphere, which affects nonlinear interac-
tions. A small ellipticity does not significantly
affect results that are predicted by a model that
assumes that fibers are linearly birefringent.
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Second-Order Polarization-Mode Dispersion
in Photonie Crystal Fibers

T. Larsen, A. Bjarklev, COM Research Center;
Lyngby, Denmark; A. Peterson, J. Folkenberg,
Crystal Fibre A/S, Birkered, Denmark;

P. Pehrson, Teflabs Copenhagen, Ballerup,
Denmark, Email: atl@com.dtu.dk.

We report the first experimental measurements of
second-order Polarization-Mode Dispersion in
two successive 900meter pulls of a silica Photonic
Crystal Fiber.

Introduction

Photonie Crystal Fibers (PCFs) form a new class
of optical fibers, which have attracted significant
attention during the last few years [1,2,3]. PCFs
are silica fibers with a large number of air-holes
located in the cladding region. The size and loca-
tion of these air-holes provide a large degree of
design flexibility, which has been used to tailor
the optical properties and design large-mode area
fibers {4], and dispersion tailored fibers {5].
Recently, PCFs with very low loss have been
reported [6], which further strengthened the possi-
bility of vsing PCFs for long-haul transmission.
Another important parameter for long-haul trans-
mission is Polarization-Mode Dispersion (PMD).
PMD causes different polarizations to propagate

with different velocities, which causes pulse
broadening in a communication system 7). PMD
can be classified into first- and second-order
PMD, where first-order PMD describes the Dif-
ferentiat Group Delay (DGD) between the two
orthogonal Principal States of Polarization
(PSP)[8] and second-order PMD is the wave-
length dependence of the PSP and the DGD, gen-
erally referred to as the rotation rate of the PSPs
(2k} and the Polarizations dependent Chromatic
Dispersion (PCD)[9]. A non-zero second-order
PMD is caused by polarization mode-coupling
and increases linearly with the fiber length, where
first-order PMD increases with the square root of
the fiber length [10]. Second-order PMD needs to
be considered, since it decreases the effectiveness
of PMD compensators [11], but can also decrease
the system outage-probability in certain cases
(12].

The first experimental measurements of first-
order PMD in PCFs was reported in [13], where
the DGD was measured on three 100meter silica
PCFs with different core sizes. In this paper, we
report what we believe is the first experimental
measurements of second-order PMD in two
900meter successive pulls of PCFs, pulled under
different conditions.

Experiment
The two studied PCFs had a triangular air-hole
structure with a normalized air-hole size of d/
A=0.43. The background material was fluorine-
doped silica, which lowered the refractive index
of both the core and cladding material with
1.1*10™ with respect to pure silica. Two 900
meters fibers, referred to as PCF1 and PCF2, was
drawn from the same preform but under different
pulling conditions. These fibers were coiled on
two 160mm diameter spools and spliced at both
ends with a lmeter pigtail with FC/PC connec-
tors. A microscope picture of the two fibers at the
beginning of each pull is shown on Figure 1, and
it shows an increased air-hole size of PCF2, com-
pared to PCF1. The air-hole size of PCF1 and
PCF2 was 1.46pum and 1.52um, respectively. The
eccentricity of the cores was quantified using the
formule: e = I-dp,/dp, o, Where ¢ is the eccentric-
ity and d,,;, and 4, 1s the minimum and maxi-
mum distances between two diagonal air-holes
surrounding the core. The eccentricity of the cores
of PCF1 and PCF2 was 0.014 and 0.017, respec-
tively, indicating a slightly more eccentric core in
PCF2 than in PCF1.

the two fiber samples.

The Jones matrix of each fiber was measured
from 1530nm to 1560nm with 0.25nm stepsize for
PCF1 and 0.lnm stepsize for PCF2. The BGD
and the PSP was calculated using the Jones
Matrix Eigenanalysis [14], and the two second-
order parameters, the PCD and the rotation rate of
the PSPs (2k), was calculated from the wave-
length derivative of the DGD and the PSP vector,
respectively.

Results and Discussion

The measured first- and second-order PMD
parameters for PCF1 and PCF2 are shown on Fig-
ure 2 and Figure 3, respectively. Due to the noisy
DGD curve, the DGD data was lowpass filtered
using & 10® order Hamming window before the
PCD was calculated. Since the noise only
ocewrred on the DGD data, the noise was attrib-
uted to wavelength inaccuracy of the laser used in
the experiment. As seen from the top curves of
Figure 2 and Figure 3, there is a strong correlation
between the PSP rotation rate (2k) and the DGD,
which has also been observed in standard single-
mode fibers [10].
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Figure 2. DGD, PCD and 2k measured on PCF1.

—15t — DGD

g‘lﬂ

&

= !
& 4y A

7

1%30 1835 1540 15'45 1550 1555 1560
Wavelength {nm]

— PCD

PCD [psinm]
o o

=

1530 1838 1540 1545 1550 1555 1560
Wavslength [nm]

Figure 3. DGD, PCD and 2k measured on PCF2.

Figure 4 and Figure 5 shows the measured Proba-
bility Distribution Function (PDF) of the DGD of
PCF1 and PCF2, respectively. The dashed line
indicates the Maxwell distribution for the theoret-
ical DGD in the strong mode-coupling regime.
The PMD of PCF1 and PCF2 wers measured to
2.3ps and 7.1ps, respectively. The PMD was also
measured using the interferometric method and
yielded a PMD of 2.1ps and 6ps, respectively.
These values were measured using an 80nm
broadband LED centred arcund 1550nm. These
values are comparable to standard single-mode
fiber values reported in the mid-1990’s [15]. It
should also be mentioned that the PMD around
1300nm was measured to 0.9ps and 2.2ps, respec-
tively, and thereby indicating strong wavelength
dependence of the PMD. The PDF of the DGD
clearly indicates that PCF2 is closer to the strong
mode-coupling regime than PCF1, even though
PCF2 has 3 times higher PMD than PCF1. This
indicates that the birefringence is increased and
the mode-coupling length is decreased in PCF2
compared to PCF1.
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Figure 4. Probability Distribution Function of the
DGD measured on PCF1.
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DGD measured on PCF2.

Conclusion

We have successfully measured first- and second-
order PMD on two successive pulls of a triangular
structured PCF. The two PCFs were pulled under
different conditions, which affected both the bire-
fringence and the mode-coupling length. The
experiment showed that the PMD of these fibers
behaved in the same way as in standard fibers and
could be treated using conventional methods. The
reported PMD was comparable 1o the PMD
reported in the mid-1990s for standard fibers.
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Advanced Amplifier Design: Physics and
Systems Limitations
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Email: wundkek(@corning.com.

We discuss the design requirements of transient-
gain-controlled Erbium-doped fiber amplifiers for
next generation photonic networks, possible
design implementation and trade-offs.

1. Introduction

In today's modern photonic networks optical
amplifiers are used as line amplifiers between
fiber spans, as pre- and booster amplifiers, as loss
compensaters in QADM nodes, and as power
equalizers, to name only some of the possible
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Fig. 1. Conventional fixed gain amplifier design vs. emerging variable gain amplifier design and next
generation amplifier function, which exhibits variable gain, configurable midstage access and fast tran-

sient control.

applications. Each application drives a different
set of design requirements in terms of perfor-
mance; i.e. optical, electrical, and thermal; size,
and cost. In the past, much of the development
effort was geared towards meeting specific per-
formance targets with & minimum impact on cost
and size. This approach was mainly driven by the
fzct that most amplifiers were to be used in static,
point-to-point long-haul and ultra long-haul trans-
mission systems, Important design parameters for
amplifiers used in such systems are OSNR,
launch power, bandwidth, wideband gain flatness,
gain tilt control and midstage access, where the
latter is used to accommodate static high-loss
components such as dispersion-compensating
modules (DCM's). As a result, technology
improvements were focused on parameters such
as adding bandwidth [1j, controlling tilt more
efficiently [2,3], reducing systematic wideband
gain ripple [4] and increasing reach by lowering
the OSNR penaities [5].

The recent trend to reconfigurable long-haul net-
work architectures, to reduce cost and improve
system performance, already requires a shift in
the development focus for optical amplifters.
Even more important, however, is the growing
demand for the deployment of higher bandwidth
services closer to the end customer, which means
a new class of amplifiers for regional, metro-core,
and metro-access networks. The requirements for
Erbium-doped fiber (EDF) ampiifiers for such
emerging network architectures are very different
from the above. These networks demand toler-
ance for a much wider dynamic range of channel
load and launch powers, rapid and accurate net-
work reconfiguration without traffic intetruption,
new protection schemes, and new and more com-
plex loss elements such as dynamic DCM's and
optical add/drop multiplexers (OADM's). More-
ovet, service providers benefit from these new
features only If they are accompanied by much
higher package density and lower overall installa-
tion and operating costs.

2, Next generation EDF amplifier require-
ments

Reconfiguration and pay-as-you-grow upgrading
of a network could cause an amplifier that today
sees only a single channel to be used for as many
as 100 and more channels in the future, This wide
range of number of channel count together with
the wide variation in fiber span lengths and the
use of high, dynamic loss components yields
input power ranges of up to 40 dB as well as gain
variability of at least 15 dB.

Additionally, ultra-fast and accurate transient con-
trol [6] becomes increasingly important as net-
works migrate to reconfigurability it prevents
large surviving-channel gain excursions during
channel-add and -drop events. A potential
decrease in the surviving-channel gain during

such a transiefit event causes performance degra-
dation due to eye-closure and OSNR degradation
at the receiver side, whereas an increase in the
surviving-channel gain can build-up throughout
the network and potentially damage other line
components and receivers [7].

Another impottant requirement is the need fot
truly configurable midstage loss compensation to
enable the use of a wider variety of loss compo-
nents such as a static DCM with a fixed time
delay or a dynamically OADM with a time depen-
dent loss profile.

So far, the discussed design requirements are only
focused on adding or improving performance, but
in todays environment package size and density
as well as total power efficiency are equally
important. For example, amplifiers have to be
able to fit on a card pitch less than 25 mm, which
also needs to incorporate the thermal dissipation
scheme as well. Package density will also be
increased by adding more functionality onto the
same card. For example, optical performance
menitoring and transceivers are to be found in the
same footprint which was formerly reserved for
the amplifiers alone.

3. Next generation EDF design considerations
In contrast to the next generation EDF amplifier
requirements, conventional EDF amplifiers have
limited dynamic operating ranges and transient
capability. Therefore, system engineers have had
to place variable optical attenuators (VOA's) in
front and after the amplifier, as shown on the left
hand side in Fig.1, to buffer the increased vari-
ablity. This causes severe OSNR and optical
power penalties as well as significantly lower
wall-plug efficiencies, increased size and added
cost. Also, system vendors had to merge the VOA
and the amplifier controls together on a higher
level, which further increases complexity and cost
and reduces overall performance.

Recently emerging controlled amplifier designs, as
shown in Fig.l as well, partially circumvent that
problem by providing a much wider dynamic gain
and power range. Fig.2Z shows the Noise Figure
benefit of such a variable gain amplifier {8] as a
function of optical gain compared to a conven-
tional fixed gain amplifier. However, these designs
still require to place two amplifiers back-to-back to
compensate for high loss components. Addition-
ally, the performance optimization that balances
the two amplifiers and the midstage loss must be
implementsd at a higher system level, which intrin-
sically limits the overall performance.
Furthermore, fot the transient controller to operate
most effectively, its performance parameters must
match the requirernents dictated by the latest gener-
ation of high-speed optical switches, which are
able to initiate adds and drops with rise- and fall
times of as little as 1ps and power changes of at
least 15 dB. Moreover, power spikes due to techni-
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