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Abstract—We have demonstrated that with the loop-syn-
chronous scrambling technique, the distribution of a recir-
culating loop closely resembles that of a straight-line system.
By carefully choosing the scrambling rate, we show that slow
scrambling at the transmitter improves the system performance
and reduces the performance variation. We investigate the system
performance for different polarization-dependent loss (PDL)
levels and obtain excellent agreement between the experimental
and simulation results. Our results show, for the first time, that
the repolarization of the noise due to significant PDL causes an
asymmetric -factor distribution.

Index Terms—Optical fiber communication, optical fiber polar-
ization, optical noise, optical receiver, polarization-dependent loss
(PDL), factor.

I. INTRODUCTION

RECIRCULATING loops, which are widely used as experi-
mental models for straight-line systems, do not adequately

emulate the polarization effects in a straight-line system due to
the periodicity of the optical path [1]–[3]. Moreover, the system
performance in a loop system also depends on the input polar-
ization state of the light and the fiber orientations, both of which
drift with time, making it very difficult to repeat the statistical
distribution in such a system [4]. We overcome these limita-
tions and are able to emulate a straight-line system by using a
loop-synchronous scrambler [2], which provides a random ro-
tation for each round trip to break the periodicity of the op-
tical path and to simulate random changes of the birefringence
in straight-line systems. Moreover, the random rotations gener-
ated by the loop-synchronous scrambler are repeatable, which
enable us to characterize the system performance for a given set
of rotations. In modern wavelength-division-multiplexing sys-
tems, the polarization-dependent gain (PDG) in the amplifiers
is effectively eliminated due to a large channel count. In order
to reduce the effect of PDG in our single channel demonstration,
we employed a second polarization scrambler at the transmitter
of the system.
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Fig. 1. Schematic system configuration.D indicates the dispersion-shifted
fiber andS indicates the single-mode fiber.

The statistics of the signal-to-noise ratio (SNR) due to a
concatenation of polarization-dependent loss (PDL) has been
studied theoretically [5]. However, the relationship between
the SNR and the factor, which is often used to evaluate the
system performance, is not straightforward, especially when
the noise is partially polarized. In particular, the statistics of
SNR do not give a complete picture of the statistics of the
factor. We investigated, theoretically and experimentally, the
statistics of the factor of a recirculating loop system with the
loop-synchronous scrambler for several different PDL levels.
We show that repolarization of the noise causes an asymmetric

-factor distribution. We obtain excellent agreement between
measured results and simulated results, which correctly ac-
counts for the effect of partially polarized noise in the receiver.

II. EXPERIMENTAL SETUP

Fig. 1 shows a schematic diagram of the recirculating loop
used in our experiments [6]. In this dispersion-managed soliton
system, we propagate 10-Gb/s return-to-zero pulses modulated
by a pseudorandom binary sequence pattern over a
distance of 18 000 km. The loop is configured with a disper-
sion map with 100 km of dispersion-shifted fiber with

1 ps/nm km, followed by 7-km single-mode fiber with
17 ps/nm km. A LiNbO polarization scrambler, controlled
by a programmable waveform generator (WFG), generates the
random rotations for each round trip. The WFG is triggered by
the driver of acoustooptic (AO) switches to insure the loop-syn-
chronous scrambling. The scrambling rate is slower than the er-
bium-doped fiber amplifier (EDFA) response time. The PMD of
the fiber is negligible, and the PDG is 0.05 dB per EDFA.

III. SIMULATION MODEL

In the simulations, we used a reduced Stokes model [7] to
follow the state of polarization (SOP) of the signal and the noise
during propagation. In the receiver, to correctly account for the
repolarization of the noise, we computed thefactor from the
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SNR of the electrical current using the newly developed formula
[8]

-
(1)

In this formula, the parametersand - are given by

and - (2)

where the unit-length Stokes vectorsand give the direction
of the Stokes vectors of the signal and the noise, and is
the degree of polarization of the noise defined as the power ratio
of the polarized part of the noise to the total noise. The parameter

gives the ratio of the variances due to noise–noise beating in
the receiver for unpolarized noise to that for arbitrarily polarized
noise. The parameter - gives the portion of the noise that
beats with the signal. When the noise is unpolarized,
and - . When the noise is co-polarized with the
signal, , and - . The parameters and ,
which are independent of the polarization states of the signal
and noise, depend on the pulse format and the shapes of the
optical and electrical filters [9]. For the receiver that we used in
experiments, and .

IV. RESULTS AND DISCUSSIONS

We compare the system performance with and without the
loop-synchronous scrambler by measuring the-factor distri-
butions in the loop. In the experiments, we obtained thefactor
from the margin measurements of the bit-error rate (BER) [10].
In order to focus on the behavior of the optical noise, we care-
fully subtract the electrical noise background, obtained from the
back-to-back experiment, from the data measured at 10 000 km.
We also employ a second polarization scrambler in the trans-
mitter to eliminate the effect of PDG.

Although the optical path of an uncontrolled loop system is
quasi-static, it changes from day to day. This changes not only
the random realization of the fiber birefringence but also the ac-
cumulated PDL of the system. To fix the PDL level, we consider
one round trip of the loop from the first EDFA to the AO-switch
as a black box that generates PDL. By adjusting the polarization
controllers between the PDL elements in the black box, we vary
the PDL per round trip from 0.13 to 0.6 dB. Once the PDL level
is chosen, we control the SOP of the light within the loop by
adjusting the polarization controller outside the black box and
monitor the accumulated PDL, using the build-up of the DOP of
the noise [3] regularly to avoid any drift in the round-trip PDL.

We first measured the distribution of the loop system at
10 000 km using 400 samples when the PDL per round trip
was 0.2 dB, as described in [3]. To simulate the steady na-
ture of the loop system, the loop-synchronous scrambler pro-
vided the same rotations for each round trip in one-factor
measurement. The rotations are chosen randomly for different

-factor samples. In Fig. 2, we show the measureddistri-
bution without loop-synchronous scrambling as a histogram.
Because of the periodicity, the unscrambled loop system has a
much broader -factor distribution than we would expect for
the corresponding straight-line system. We also show the cor-

Fig. 2. Histogram of the measuredQ-factor distribution of the recirculating
loop when the PDL is 0.2 dB per round trip.

Fig. 3. Comparison of the measured and the simulatedQ-factor distributions
when the PDL is 0.2 dB per round trip with the loop-synchronous scrambler,
with and without the transmitter polarization scrambler. We show the measured
Q-factor distributions as histograms and the corresponding simulated results as
solid lines.

responding measured result with loop-synchronous scrambling
as a histogram in Fig. 3. The solid line is the simulated result.
The loop-synchronous scrambler generated a different random
rotation for each round trip. For each sample, an indepen-
dent sequence of random rotations was repeated until the mea-
surement of the factor was completed. This loop-synchronous
scrambling technique breaks the periodicity of the optical path
and accurately emulates the statistics of PMD and PDL of a
straight-line system. Although the distribution tends to be
aligned with the low portion of the distribution shown in
Fig. 2 due to the reduction of SNR, the-factor distribution is
much narrower and closely resembles thedistribution for a
straight-line system. The measured and simulated results are in
excellent agreement.

We also employed a polarization scrambler at the transmitter
to reduce the effect of PDG. In our experiment, we carefully
chose a slow scrambling rate of 12.6 kHz to reduce both effects
of PDG and the amplitude modulation induced by PDL [11].
In Fig. 3, we show the measured and simulated results for the
system with both transmitter and loop-synchronous scramblers.
With the transmitter scrambler, in addition to improving the av-
erage performance of the system, we also further decrease the
width of the -factor distribution.
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Fig. 4. Comparison of the measured and the simulated mean and standard
deviations ofQ-factor distributions of a scrambled loop system with different
PDL levels. The solid lines and the dashed lines represent simulated results
with and without the input polarization scrambler. The filled circles and squares
are the measured results for the system with and without the input polarization
scrambler, respectively.

Fig. 5. Comparison of the measured and the simulatedQ-factor distributions
of a scrambled loop with the input polarization scrambler when the PDL is
0.6 dB per round trip. We show the measuredQ-factor distribution as histograms
and the corresponding simulated result as a solid line. The dashed line is a
simulated result, assuming the noise prior to the receiver is unpolarized.

We measured the-factor distributions of the scrambled loop
system at 10 000 km with and without the input scrambler with
PDL 0.2 dB, PDL 0.4 dB, and PDL 0.6 dB per round trip.
The comparison of the simulated and measured means and stan-
dard deviations of these distribution that we show in Fig. 4
demonstrates that large PDLs in the system tends to cause sig-
nificant variation of the system performance, while producing a
small degradation in the average system performance.

Furthermore, with the transmitter scrambler, for a large PDL
such as PDL 0.6 dB per round trip, the distribution is asym-
metric, as shown in Fig. 5. Our simulation shows that it is the re-
polarization of the noise that causes the asymmetry of thedis-
tribution. Since the transmitter scrambler eliminates the effect
of PDG, the noise tends to repolarize. For those samples where
the signal is often closely aligned with the low-loss axis of PDL
elements, the SNR is larger than the average SNR. In this case,
the noise tends to become co-polarized with the signal because
the noise perpendicular to the signal is reduced by the high-loss
axis of PDL elements. Therefore, the signal-noise beating is en-
hanced and the factor is lower than that of the system with

the same SNR but where the noise is unpolarized. Consequently,
the large portion of the distribution with unpolarized noise
is missing for polarized noise, and thedistribution is asym-
metric. By contrast, if in the simulation we artificially assume
that the noise prior to the receiver is unpolarized by setting

and - and keeping all the other parame-
ters the same, then, as we show with a dashed line in Fig. 5, the

distribution is much more symmetric. Our results show that
to truly predict the system performance and estimate the outage
probability, one must include effects of partially polarized noise
in the receiver model.

V. CONCLUSION

We demonstrate that with the loop-synchronous scrambling
technique, the distribution of a recirculating loop closely re-
sembles that of a straight-line system. By carefully choosing the
scrambling rate, we show that slow scrambling at the transmitter
improves the system performance and reduces the performance
variation. We investigate the system performance for different
PDL levels and obtain excellent agreement between the exper-
imental and simulation results. Our results show that when sig-
nificant PDL in the system repolarizes the noise, the-factor
distribution is asymmetric. To accurately predict the system per-
formance and estimate the outage probability, one must take into
account effects of partially polarized noise in the receiver model.
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