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Abstract—We investigate the polarization evolution for both AQ
signal and noise in two 107-km recirculating loops with polariza- switch
tion-dependent loss per round-trip of 0.35 dB and less than 0.1 dB,
respectively. When the system is optimized, in the first case, both
signal and noise are polarized, while in the second case, the signal
tends to depolarize due to the noise. We experimentally measured
and theoretically simulated the@ factor distribution, which is far
from what is expected for straight-line systems, after 5000 km in
the second case. We also suggest a simple method for obtaining the
sameq distribution in recirculating loop experiments as expected
in straight-line experiments.

Index Terms—Dbispersion management, fiber transmission sys-

: At At ; i-a. Fig.1. The configuration of the 107-km recirculating loéfindicates 3.5-km
:ﬁ)nr:sde%petlr::;‘ér?tol?:szatlon’ polarization dependent gain, polariza single-mode fiber and indicates 25-km dispersion-shifted fiber.

these types of loops approximate a more realistic distribution

expected in straight-line systems.
OLARIZATION effects can have a significant impact on

long-haul high-bit-rate optical communication systems.
Polarization-dependent loss (PDL) and gain (PDG) were con- II. STUDY OF THE POLARIZATION EVOLUTION

sidered in [1], [2] and were shown to have a strong influence Fig. 1 shows a schematic of the recirculating loops used in
on optical long-haul transmission systems. Recirculating loogfese experiments. The loops are configured with a dispersion
have proven to be an effective and inexpensive experimenigp with 100 km of fiber,D = —1 ps/nmkm, followed by
model of long-haul transmission systems. There have been tglr km of fiber, which hash = 17 ps/nmkm. This configura-
atively few published studies on the polarization effects in SUgldn has been used to study the communication performance of
loops and the differences between these loops and straight-§figpersion-managed solitons at 10 and 20 Gb/s over distances of
systems. In this letter, we investigate the polarization evolutiag 000 km [3], [4]. Four erbium-doped fiber amplifiers (EDFAS)
in two recirculating loops, one with a measule®L. = 0.35 are equally spaced to compensate for fiber loss and a fifth EDFA
dB per round-trip and another one with a PDL less than Oid ysed to overcome the loss of the loop switch and coupler. The
dB per round-trip, respectively. We also present a theoretiGab|ators in these EDFAs are the primary source of the PDL in
and experimental study of th@ distribution in the second qyr loop.
recirculating fiber |00p. Th@ distribution of the reCirCUIating For the first set of experiments reported here, we used me-
loop is far from that expected for a randomized straight-linghanical polarization controllers in the loop to vary the state of
system due to the quasi-static nature of the loop. PDL and PIy¢a polarization. To estimate the PDL in the loop, we bypassed
parameters for our loop were determined. Our work suggegk® |oop switch and coupler, producing a 107-km straight line.
an experimental procedure for making thedistribution in - our measurements gave a net PDL for the entire 00§35 dB.
Using [5], we estimated the PDG per amplifier to48.05 dB.

_ _ , _In the recirculating configuration, we propagated 10 Gb/s re-
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..... measured DOP, PDL = 0.1 dB each subsequent round-trip in our simulated loop. A different

_:_rr_\ea?utreg DDSPP, F,Pgll: = (()J.1350I SB set of rotations leads to a different polarization evolution. The
simulate: , =0. . . .

— simulated DOP. PDL = 0.45 dB signal-to-noise ratio (SNR) was calculated after 5000 km for

3 every set of rotations. Noise is added at each amplifier and re-

H sults in the SNR decrease with propagation distance since the
0.8g:i" s amplifiers are saturated. The DOP evolution as a function of
o6kl ‘ i ‘\ propagation distance was determined for the highest SNR. As

& ) &, shown in Fig. 2(a), when we chose the lumpddL = 0.45 and
0 94 "a’,ag}'i.. 0.1 dB, respectively, the theoretical and experimental results are
\ »’al in good agreement taking into account that in the straight-line
0.2 \ -t measurements on the 107-km length, the loop switch and cou-
o \_._ pler were bypassed. Note that the low PDL case becomes de-
0 20000 polarized more quickly in Fig. 2(a), because the polarization
distance (km) component of the noise orthogonal to the signal also accumu-
(@) lates in addition to the parallel component while in the high PDL
case only the polarization component of the noise parallel to the
1 . signal accumulates.
.oﬁ-—'f Aste The experimental and theoretical results show that PDL plays
0.8 a major role in the loop performance. In recirculating loop sys-
/ tems, by optimizing the polarization evolutions, large values of
& 0.6 PDL will help to improve the performance by suppressing the
a] noise orthogonal to the signal.

[ll. STUDY OF THE @ DISTRIBUTION

0 20000
distance (km) In subsequent experiments, we measurediheefined as
® Q = ({11} — {o))/(o1 + 00), where(I;) and(I,) correspond
to the mean values of the mark and space powersyaaddasg
Fig. 2. Theoretical and experimental comparison of the DOP evolution a$®T€spond to the standard deviations, at a propagation distance
function of propagation distance. (a) Measured and simulated DOP evolut_icms5000 km, when the net PDL in the system was less than 0.1
O toion ;e e e o 4788 Wie gated the trigger of a samping osciloscope to measure
the @ at this specific propagation distance. We then mechan-
ically varied one polarization controller in the loop (shown in
stream, which consists of both the signal plus the noise when thig. 1). We measured th@ value at each adjustment of the po-
bit-error rate (BER) is less than 1®at 20 000 km. In Fig. 2(b), larization controller. This process was repeated until the adjust-
we show the DOP of noise without signal propagating in th@ent of the polarization controller gave an even coverage on the
loop with the same experimental condition as in Fig. 2(a). DuRoncairé sphere. Except for the polarization controller, the rest
to PDL inside the system, the signal and noise become higldfthe loop remained in a quasi-static orientation. The measured
polarized as a function of propagation distance. result is shown in Fig. 3. Instead of a Gaussian-like distribution
Then, we reduced the PDL in the system by using isolataggpected in a straight-line system, Walistribution of the loop
in the EDFAs withPDL < 0.1 dB and repeated the experimenhas two peaks.
described before. The net PDL in this system was less than 0.1Ve then used our model to calculate the theoretigalgain
dB and we achieved error free transmission at 17 000 km. Thsing the lumped PDL and PDG values obtained from the DOP
DOP evolution as a function of propagation distance is showniimeasurements. We kept the same set of rotations for each circu-
Fig. 2. Due to the low PDL, the signal plus noise, Fig. 2(a), atation of the light in the loop since our loop is quasi-static. We
depolarized as a function of propagation distance, while noigglculated th€) at 5000 km. We then added one random rotation
Fig. 2(b), remains unpolarized in contrast to the system that y&t before the lumped PDL element and then recalculate@ the
described before. The residual DOP in Fig. 2(b) is due to tl@a distance of 5000 km. This extra random rotation simulates
polarization dependence of the acoustic-optic switches in tber mechanical adjustment of the polarization controller. After
system. changing the extra random rotation 10 000 times, we obtained
We used the approach described in [6] to model the polartheoreticaly distribution. Fig. 3 shows the experimental and
ization evolution in our system. The loop polarization configtheoretical(y distributions. What is striking about these distri-
uration remains stable for the duration of the DOP measulmitions is that they are double-peaked due to the PDL. This fact
ments. Because the loop is static, we lumped all of the PD4d a dramatic indication that optimizing the polarization in the
in this loop into a single element in our model. The 107-kroop to give a larg&} value does not give a complete picture of
loop is subdivided into 1-km sections with a random rotatiowhat would happen in a truly random straight-line experiment
between each section. We kept the same set of rotations doer long distances where thedistribution would be Gaussian.
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Fig. 3. Comparison of the measur@ddistribution of a 107-km loop after the
signals propagate 5000 km and the simulatedistribution for a 100-km loop.
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Fig. 4. Comparison of simulate@ distributions for a 200-km loop after
signals propagate 5000 km and a 5000-km straight-line system.
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elements separated by 100 km each iAiDL, = 0.1 dB. This
simulated loop consisted of eight equally spaced EDFAs each
with PDG = 0.05 dB. We added an extra random rotation at
one pointin the loop between the PDL elements. A new random
rotation was chosen for each circulation. Fig. 4 shows the the-
oretical @ distribution for 5000 km for such a loop. While it

is not Gaussian, it is a lot closer than the distribution shown
in Fig. 3. Thus, even a relatively short loop can approximate a
straight-line randon® distribution. Clearly the “memory” of
each round-trip illustrated in Fig. 3 is largely removed in Fig. 4.
Since the propagation time through one circulation in a 200-km
loop is approximately 1 ms, to achieve thgdistribution in

Fig. 4 one can realize a random rotation per round-trip using
a mechanical polarization scrambler with a frequency response
>1kHz (several such devices are commercially available) at one
point in the loop.

IV. CONCLUSION

Our experimental and theoretical results show clearly in this
letter that due to the static nature of recirculating loop, polariza-
tion effects, especially PDL and PDG, will cause different polar-
ization evolution and differen® distribution from straight-line
systems. Optimizing the polarization in the loop to give a good
system performance does not give a complete picture of what
would happen in a truly random straight-line experiment over
long distances. In our study, we also suggest an experimental
procedure to achieve more realistic system performance in re-
circulating loop systems.
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