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Introduction
Signal distortion due to polarization-mode dispersion (PMD) is an important 
limiting factor for long distance propagation in high-data-rate optical fiber 
communications systems. A simple device for mitigating the effects of PMD is 
an optical PMD compensator consisting of a polarization controller (PC) 
followed by a fixed differential group delay (DGD) element. Various feedback 
controllers have been used to optimize the performance of this compensator by 
adjusting the setting of the PC [1]-[3]. The performance of the compensator 
depends on how well the control signal is correlated to the eye opening and on 
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depends on how well the control signal is correlated to the eye opening and on 
the choice of optimization algorithm.
In this paper, we use numerical simulation to compare the performance of 
different feedback controllers for a fixed DGD compensator. For feedback we 
use the spectral lines of the received electrical signal at a quarter and a half of 
the bit rate [1] and the degree of polarization (DOP) ellipsoid [2], [4]. The DOP 
ellipsoid controller is attractive at very high data rates, and it eliminates the 
sensitivity fading that occurs with other feedback signals due to variations in the 
input polarization state. We compare these two experimentally-implemented 
feedback controllers to feeding back on the width of an isolated pulse. Although 
it cannot be implemented experimentally, the pulsewidth is highly correlated 
with the eye-opening penalty.
To compare the performance of the different controllers we calculate outage 

probabilities down to 10–5. We show that the performance of the fixed DGD 
compensator varies widely depending on the choice of control signal [3]. To 
study the robustness of different controllers to higher-order PMD we investigate 
how the eye-opening penalty depends on the first- and second-order PMD. We 
extend the work in [3], [5] by providing an analysis of the DOP ellipsoid 
controller and by identifying the major reasons for the variation in the 
performance of the different controllers.

Simulation Methodology
Our results are for a noise-free 10 Gb/s nonreturn-to-zero (NRZ) signal with 16 
bits and a rise time of 30 ps. For the DOP ellipsoid controller we maximize the 
length of the shortest principal axis of the ellipsoid. If the fiber only exhibits 
first-order PMD, this method minimizes the DGD [4]. To accurately generate the 
DOP ellipsoid we found that it is sufficient to use 38 initial polarization states 
that evenly cover the Poincaré sphere. To efficiently compute the DOP ellipsoid, 
we use a reduced representation of the signal consisting of the Jones vectors at 
32 frequencies equally spaced over a 40 GHz bandwidth. The power spectrum of 
this signal is obtained by appropriately combining the spectrum of a single pulse 
with the carrier, ±10 and ±20 GHz side tones of the full time-domain 
representation of the signal. We use the full signal to evaluate the performance 
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representation of the signal. We use the full signal to evaluate the performance 
of the compensator. When we use the reduced signal to compute the DOP 
ellipsoid, the results are in excellent agreement with results obtained using the 
full signal.
The performance of the compensator depends on the optimization algorithm. 
The objective function is the function of the PC rotation angles that is 
maximized by the controller. We incorporated the object-oriented optimization 
software package HCL [6] into our simulator and for this work we used HCL’s 
limited-memory BFGS (LMBFGS) algorithm with line search. The LMBFGS 
algorithm can be viewed as an extension of the conjugate gradient method in 
which additional storage produces accelerated convergence or as a restricted-
storage version of standard quasi-Newton methods [7]. Once we have 
determined an appropriate direction in which to travel to increase the objective 
function, we apply a one-dimensional line search to find the best step length to 
take in that direction. Line searches allow local optimization methods to search 
for the global maximum [8].
To generate our results we used Monte Carlo simulations with multiple 
importance sampling applied to first- and second-order PMD, as in [9]. The 
transmission fiber was modeled using the coarse-step method with 80 

birefringent sections, and we used the same 4x105 fiber realizations and the 
same initial PC setting for each controller. For each fiber realization the 
optimization algorithm searched for a single extremum of the objective function 

using a relative gradient stopping tolerance of 10–4. We evaluated the 
performance using the eye opening, which we define to be the difference 
between the currents in the lowest mark and highest space at the clock recovery 
time. The eye-opening penalty is the ratio between the back-to-back and the 
PMD-distorted eye opening, and the outage probability is the probability that the 
eye-opening penalty exceeds a specified margin.

Results
To compare the controllers we used a transmission fiber with a mean DGD of 

 = 30 ps. We use the notation �for the polarization dispersion vector and | | 
for the DGD of the transmission fiber. We found that the best choice for the 
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for the DGD of the transmission fiber. We found that the best choice for the 
fixed DGD | c| of the compensator depends on the choice of control signal. For 

each controller, we performed simulations for which  = 1.0, 1.5, 2.0 
and 2.5. For the 5 GHz spectral line and DOP ellipsoid controllers the outage 
probability was smallest with . The pulse-width and 2.5 GHz 
spectral line controllers gave the best result with . In Fig. 1, we 
show the outage probability as a function of the eye-opening penalty for the 
different control signals using the best choices for | c|. The performance strongly 

depends on the choice of control signal. When the eye-opening penalty is 1 dB, 

the outage probability varies from 1.8x10–5 for the pulse-width control signal to 
2.5x10–3 for the DOP ellipsoid controller.

Fig. 1. Outage probability versus eye-opening penalty in dB. The curves show
(i) dots: uncompensated case;
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(i) dots: uncompensated case;
(ii) dashed line: DOP ellipsoid with ;
((iii) thin solid line: 5 GHz spectral line with ;
(v) thick solid line: 2.5 GHz spectral line with ;
(vi) dotted line: minimized pulsewidth with .

To understand the relative performance of the different controllers, in Figs. 2 and 
3 we show contour plots of the conditional expectation of the eye opening 
penalty given values of | | and | |, where the subscript �denotes the derivative 

with respect to angular frequency and  = 520 ps². In Fig. 2 we see that for 
the 2.5 GHz spectral line with | c| = 60 ps the average eye opening penalty is 

much less than without compensation, especially in the region about | | = 60 ps. 
Significantly, we find that with this control signal the fixed DGD compensator 
also compensates for higher-order PMD, even when | | = 0 and | | is large.

Fig. 2. Contour plots of the conditional expectation of the eye-opening penalty in 
dB given values of | | and | |. Dashed lines are for the uncompensated system; 

solid lines are for the compensated system using the 2.5 GHz spectral line 
controller with | | = 60 ps. From left to right, the uncompensated contours are at 
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controller with | c| = 60 ps. From left to right, the uncompensated contours are at 

0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.7, 2.2, 2.8, and from bottom to top the 
compensated contours are at 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0, 1.2.

Fig. 3. The same as Fig. 2 but for the DOP ellipsoid controller with | c| =30 ps.

We can use a first-order PMD model to explain why the performance is better 
with the 2.5 GHz than with the 5 GHz spectral line [2]. With only first-order 
PMD, the power in the 5 GHz tone has local maxima when the DGD is zero or 
200 ps and a local minimum at 100 ps. Consequently, for the 5 GHz tone when 
| | > 100 ps the total DGD exceeds 100 ps at the global maximum of the 
objective function. By contrast, the first local minimum of the 2.5 GHz tone 
occurs at 200 ps. For similar reasons the performance is poor with the 5 GHz 
spectral line when | c| �60 ps.
In Fig. 3 we show the conditional expectation for the DOP ellipsoid with | c| = 
30 ps. With only first-order PMD, when | c| = 30 ps, the performance of the DOP 

ellipsoid controller is comparable to that of the spectral line controllers, since for 
the narrow-bandwidth NRZ signal the DOP ellipsoid feedback signal is a 
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the narrow-bandwidth NRZ signal the DOP ellipsoid feedback signal is a 
monotonic function of the DGD [2], [4]. However, in Fig. 3 we see that the DOP 
ellipsoid does not perform well when higher-order PMD becomes significant, 
especially when | | is small. To understand this behavior, we examined the 
objective function for some of the fiber realizations with large | |. We found 

that although the optimization algorithm usually located the global maximum, 
this maximum often corresponds to PC rotation angles that are up to 30° away 
from the angles that maximize the eye opening.

Conclusion
We compared the performance of different feedback controllers for a fixed DGD 
compensator using a local optimization technique globalized with a line search. 
We showed that the DOP ellipsoid does not perform well in the presence of 
significant higher-order PMD and that the quarter-bit-rate spectral line performs 
best in all regions of the first- and second-order PMD plane. Our results for the 
DOP ellipsoid controller also apply to a 40 Gb/s NRZ signal provided that all 
time parameters are scaled down by a factor of four.
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Abstract:
A comparative study of the performance of different feedback contollers for a 
fixed DGD compensator shows that a spectral line control signal is more 
effective in the presence of higher-order PMD than a DOP ellipsoid controller.
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