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Calculation of Penalties Due to Polarization Effects
In a Long-Haul WDM System Using a Stokes
Parameter Model

D. Wang and C. R. Menyykrellow, IEEE

Abstract—We derive a Stokes parameter model to calculate the ~ Calculating the impairments due to the combination of PMD,
penalties due to the combination of polarization mode dispersion PDL, and PDG in WDM systems is a formidable theoretical
(PMD), polarization dependent loss (PDL), and polarization de-  cpy5)jlenge. Running a complete split-step simulation with just

pendent gain (PDG) in long-haul, dense wavelength divison mul- - . .
tiplexed (WDM) systems. In this model, we follow the Stokes pa- °N€ fiber realization can cost many minutes or even hours of

rameters for the signal and the noise in each channel instead of CPU time [5], and itis necessary to know the penalties for many
following the full time domain behavior of each channel. This ap- thousands of realizations in order to accurately determine the
proach allows us to determine the statistical distribution of penal- outage probabilities [4].

; : 5 i X

ties with up to 10® fiber realizations and 40 channels. We validate In this paper, we propose a reduced model that is based on

this model to the extent possible by comparison to full numerical . .
simulations. Using this model, we find that the interaction of PMD following the four Stokes parameters for the signal and the four

and PDL is the major source of penalties and that the effect of PDG  Stokes parameters for the noise for every channel in the WDM

is negligible in WDM systems with more than ten channels. system. Using this model, we calculate the penalties due to po-
Index Terms—Optical fiber transmission, outage probabilities, larization effects for up td0° fiber realizations and 40 chan-

polarization effects, reduced models, Stokes parameters, wave-nels. We then determine the outage probabilities for margins of

length division multiplexing (WDM). 2.5 and 3.0 dB. We validate this reduced model to the extent
possible by comparison to full, split-step simulations. While we
I. INTRODUCTION cannot run enough realizations of the full model to completely

o ) _validate the reduced model (the very difficulty that prompted us

D UE TO THE rapid increase in the demand for bandwidthg gevelop the reduced model in the first place), we do find that
wavelength divison multiplexed (WDM) systems haveney are consistent. We also have validated this model by com-
been widely deployed in trans-oceanic links as well as confizrison to recirculating loop experiments, and the results will be
nental and metropoliton networks. There are three polarizatipgborted elsewhere [6].
effects that lead to impairments in the long-haul optical fiber from an intuitive standpoint, it is reasonable to expect this
transmission systems: polarization mode dispersion (PMDq,ced model to work well. PMD, PDL, and PDG are slow
polarization dependent loss (PDL), and polarization dependggie effects that will affect a whole channel in the same way, as
gain (PDG) [1]-{3]. Reference [4] shows how these three effeqlsyg as the PMD is not so large that it distorts a single channel.
can combine to produce signal impairments in single-channg contrast, nonlinearity and chromatic dispersion are fast ef-
systems. In particular, PDG can lead to excess noise in #a@ts that affect each bit separately. Since the effects of PMD,
polarization orthogonal to the signal, and it therefore plays @b, and PDG on the one hand and effects of nonlinearity and
important role in determining the degradation and varianggspersion on the other hand exist on different time scales, it is
of the @ factor. By contrast, dense WDM systems whOSgasonable to anticipate that the penalties due to these two kinds
channels are spread over a large bandwidth rapidly changesfects will be separable. We have partially verified this as-
their relative polarization states due to PMD so that the 0Ver§[|1mption in earlier work [7], [12], and we do so again here.
degree of polarization of the system is nearly zero, and PDGyne remainder of this paper is organized as follows: In Sec-
is ineffective. At the same time, different channels experienggp, |1, we derive the Stokes model and describe the numerical
different amounts of PDL, and, since the amplifiers maintaifyocedure that we use to solve it. In Section Ill, we validate this
the total signal power nearly constant, individual channelgogel to the extent possible by comparison to full, split-step
undergo a kind of random walk so that it is possible for somgmjations. In Section IV, we apply this model to calculate the
channels to fade. outage probability for parameters that correspond to a realistic
trans-oceanic system with margins of 2.5 and 3.0 dB for polar-

Manuscript received March 21, 2000. This work was supported by the Depdztation effects. We show that the effect of PDG is negligible in
ment of Energy, the National Science Foundation, and AT&T Bell LaboratorquDM systems with more than ten channels.

D. Wang is with the Department of Computer Science and Electrical Engi-
neering, University of Maryland Baltimore County, Baltimore, MD 21250 USA.

C. R. Menyuk is with the Department of Computer Science and Electrical
Engineering, University of Maryland Baltimore County, Baltimore, MD 21250 Il. THE STOKES MODEL
USA, and also with the Laboratory for Telecommunications Sciences, c/o .. . . . .
USARL, Adelphi, MD 20783-1197 USA (e-mail menyuk@umbc.edu). Since we are interested in the evolution of the polarization of

Publisher Item Identifier S 0733-8724(01)00740-X. an entire communication channel, we will be focusing on the

0733-8724/01$10.00 © 2001 IEEE



488 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 19, NO. 4, APRIL 2001

evolution of the averaged Stokes parameters for each sepatlageaccumulated differential group delay in each channel is not
channebr in a WDM system. We first defin®J(z, t) as the large compared to the pulse duration. Since there is no PDL in
Jones vector in the time domain. We next wilifeas a sum of the optical fiber, in contrast to the amplifiers where we will take

contributions over. channels, obtaining into account the PDL separately, and since the polarization-in-
. dependent loss must be exactly compensated by the gain over
U= Z U™ exp [ik(m)z _ iw(m)t} 1) the Igngth of -the transmission line, S0 thatn\l/\)/e- may ignore the
— spatially varying gain and loss, we find thﬁé is unaffected
by PMD.

where k(™ and w(™ are the central wavenumber and fre- We calculate the evolution of the Stokes parameters using a
guency of thenth channel measured with respect to the centrgériant of the coarse step method [8]. Referring to the step size
wavenumber and frequency &. The variableU!™ is the along the fiber transmission path between amplifiers aghich
corresponding wave envelope. The definition of the Stokege typically took to be 1 km, we finﬁé’")(z +(¢) = Sém)(z).

parameters for each channel is In this expression; = zy + j¢, wherez is the location of one
. amplifier andj = 1, ---, NV, where/ is the total number of
Sérn) _ 1 / : [u(m)(t)r + ‘u’(m) 1 dt steps to the next amplifier. Also, we find that the Stokes vector
T/, [I'” Y portion of the Stokes parameted§™ = (5™ g{™ glmyt
1 fte 2 2 transforms on thgth step according to the relationshi
5 ST (4 ¢) = My M;(2)8)(2) (3)
sim =2 / Re [u{™ (6)ul™" ()| dt .

2 T J,, ¢ [u’” (Bu,™ )} WhereMg") andM; in (4a) and (4b) shown at the bottom of
o 2 [" () () the page. The quantitph/3’ is proportional to the average in-
S5 =5 L Im [% (huy (t)} dit (2)  verse group velocity difference along the two polarization axes

1

due to the birefringence. It should be chosen so thét jfis
whereT = £, — ¢;, while u;rn)(t) andué’"’) (¢) are the wave en- the expected value of the differential group delay due to PMD

— _ 1/2
velopes in two orthogonal polarizations. We are assumingthaf)ver a Iengch = NG, ':jhenAﬁ’__bl(&r/ZihZCZ) /_ g> [8]'d[9]‘ |
is very large compared to a single bit period and that the chanH—QIe ¢; andy; are random variables, chosen independently at

becomes statistically stationary whéhs large so that this def- eac_:hy , from “”'f‘”m dlstr|but|ons_ in the rang®, 2W]’,Whlle
; Is a random variable chosen independently at egashch

inition is meaningful. We will treat the last three Stokes paranﬁﬂ1 teos(0.) i tormlv distributed in th L1l Th
eterss{™, 5™, ands{™ just like the three components of alnatcos(?;) is uniformly distributed in the rangge-1, 1]. This

Stokes vector at a single frequengy= w ™, the central fre- gnl? ICgigt?irgﬁzEﬁnodnstfeapﬁggg ;Otﬁgf: VV\C;hs?rgglsfgk:m proba-
quency of channetr. Yy phere. had;,

Since we will only be following one set of Stokes paramete nd+); are the same for all channels. A detailed demonstration

for the signal and another set for the noise in each channel int gt Lh!s rgodeldagcurately reproduces the linear PMD may be
WDM system, we must convert from the Jones representatié)ﬁm in [8] and [9].
to the Mueller representation so that we can deal with partialllé/ Stokes Model for PDL

polarized channels. ) o o
PDL is due to the polarization dependence of the transmission

A. Stokes Model for PMD in some devices, notably the WDM couplers in the amplifiers.

Typical values are less than 0.1 dB in a single amplifier, and it is

hPMDImtthe fib Ier V\gl_lﬁcausi thapolanzatmt? sta::]es Sr\ﬂdl'jﬁ_er?rﬂ;nportant to keep this value low [4]. The effect of a polarization
channels fo evolve dilterently. However, when the IS Offependent loss element is to cause excess loss in one of two or

small to cause distortion in a single channel, then the polari ogonal polarizations. Using the Jones vector notation defined

tion states in a single channel all evolve uniformly. In our mode arlier, where we take the second component to be in the direc-
we simply calculate the evolution due to PMD of the last thr N of,maximum loss, we may write

Stokes parameters{™, 5™ ands{™, in each channel as if
they correspond to a single Stokes vector at the channel’s cen- [ w, ()™ (10 [ ug ()™ 5)
tral frequency. (™. This approximation is reasonable as long as uy ()™ ) T N\O o) \u () )

1 0 0

MT) = [0 cos(ABWM™C)  —sin(AF W) (4a)
0 sin(AFW™C)  cos(AFW™C)
cosf; sin 0; cos ¥, —sin @ sin;
M; = | —sin6;cos¢; cosb;cos@;costp; —sing;siney; —cosl;cos@;siny; —sing; cosyp, | . (4b)

—siné;sin¢; cosf;sing;costp; 4+ cos¢;siny; —cosf;sing;sine; 4 cos ¢ cos Yy
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where “before” and “after” refer to the values before and aftéo R via the relationship as shown in (10) at the bottom of the
the PDL element, and is related tarppr,, the PDL measured page. We find that the elementsBfare related te through the

in dB, through the relationship;ppy, (in dB) = —20log;, .  relationships

From (2) and (5) we find

S1 = |7’11|2 — |7’12|2 = Cos

m 1+ a? m 1—a? m . % . .
S(g, a)fter = 2 S(g, b)efore + 2 Si b)efore So + 1S3 = 27’117)12 =Sl exp(—u/)). (11)
m)  _1=0% 1+ 0% m) "y . .
Lafter = o 0, before T 5 1, before We note that it is not possible to determipidrom s. However,
(Ss + ng)(r;l) — (S + ,L.Sg)](er) ©) the angley does not affect the evolution of the Stokes parame-
alter efore

ters of the individual channels in any way and so can be safely
ignored.

where we recall that the Stokes parameters are averaged OVefje once again transform from the Jones representation to
time. the Stokes representation using (2) to do the appropriate time

C. Stokes Model for PDG average for each channel. We obtain

PDG is due to polarization hole burning induced by the in- (m) =1 ) 41 m)
coming signal to an erbium-doped fiber amplifier (EDFA). The Safter =~ 5 5o vefore " S+ B Shefore
gain in the polarization orthogonal to the incoming signal is (g — 1) (m)
larger than the gain in the polarization of the incoming signal. + T SX (S x Sbefore)
The amount of PDG in a single amplifier is only about 0.07 dB P +1 21
for an EDFA with 3 dB of gain compression and becomes larger Séf';)fter =5 Séf’{,)efore -5 s st (12

as the amplifier goes deeper into gain compression. The magni-
tude of the polarization hole burning is proportional to the de-
gree of polarizationd,, of the incoming signal. D. Combining PDG with PMD, PDL, and ASE Noise

We will model the PDG much like the PDL, except that the di- ] . )
rection of maximum gain must be chosen self-consistently with Ve account for the ASE noise by following four noise Stokes
the existing signal in a given system. Thus, if we ignore the noigarametergS¢" . S\™) ) at eachm. We must track these

contribution for the moment, returning to it later, and we writeStokes parameters separately from the signal Stokes parameters
because they are random variables while the signal Stokes pa-

n n rameters are deterministic. Since the ASE noise is unpolarized,
Sgotal — Sim) - gliotal) — Z stm) (7) each amplifier will cause the following change in the Stokes pa-
m=1 m=1 rameters:
we find the total degree of polarizatial, = [S(tot) | /S Sé"”) = Sé"”) = betone F 270p(G = 1)B™ by
and the total state of polarization,= S(totaD /|g(total)| \We ey
now write Snoise, after — Snoise, before (13)

g (£) ™) 1 0\ 5 1 [ ()™ where
=R R (8) .
<uy(t)(m) )after <0 9) <uy(t)(m) )befme ne, Spontaneous emission factor;
G amplifier gain;
whereg is the polarization dependent gain, normalized to the hr  energy of a single photon;
gain in the polarization state of the input signal. The value of B(") optical bandwidth of thenth channel.
g is related toxppg, the PDG measured in dB, through thé'hese Stokes parameters are affected by the PMD, PDL, and
relationship [1] PDG in exactly the same way as the signal Stokes parameters
and participate in determining the degree of polarization and
zppa dpo = 2010g g. (9) total Stokes parameters. Additionally, if there is any part of the
gain bandwidth of the EDFA that is not included in one of the

The rotation matrixz is determined by the overall polarizationOptical channels, then this noise energy will participate in the

state of the signal and noise since it is this polarization state ti4g! €nergy balance. We may write for this additional portion
determines the orientation of the PDG, white'! is the inverse
of R. It is useful to define angleg, , and¢ that are related gladd) = gl + 2nep (G — 1)B<a““>hu (14)

0, noise, after 0, noise, before

_ [ cos(p/2) expl—i(¢p + ¢)/2]  —sin(p/2) exp[i(y — ¢)/2]

= <Sin(¢/2) expl—i(th — )/2]  cos(ip/2) expli(t + ¢>/21) ' (10)
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and we will assume that this contribution is unpolarized. We

. b y
now write l
n n Effect of fiber PMD |
(total) _ (m) (m) (add) S™ and §™ h Iterate on
SO - Z SO + Z SO, noise + SO, noise on an noise length scale é’
rn:l rnnzl [Eq (3)]
st = 37 804 37 S (15)
m=1 m=1
Effect of amplifier PDL
e eares oy Polarization may now be wite = on (5§".s™) and (S{hume S
|S(tetal)| /5.5 The final step in the procedure is to take into
account the effect of gain saturation by assuming that the total (Eq. 0]

power at the output of the amplifier is fixed at a valieWe
then renormalizes§™, S, ™)., ST 85 by the
factor §/55"**Y which takes into account the renormalization Effect of amplifier PDG

of the total power that occurs in real systems due to gain | on (5.8™)and (S{ .S

. . e 0,noise >~ noise
saturation in the amplifiers.

From the calculated signal and noise Stokes parameters, it is [Eq. (12)]
possible to determin@("”—the so-called? factor—for each
channelm and from that to infer the penalty due to PDL and -
PDG. To calculate this penalty, we first note th@@@* that we Effeffrl)of ASE oy
calculate from this model is not meaningful by itself because on So,noise 1A So.noise
this reduced model does not take into account the degradation [Egs. (13), (14)]
due to nonlinearity and dispersion. What is meaningful is the
differencebetween th&) ™ values that we calculate when PDL ,
and PDG are present and when they are absent for a fixed value |7Normalize power >
of PMD.

To calculateQ(™ for a particular choice of PMD, PDL, and l

PDG, we first obtain the signal-to-noise (SNR) ratio of channel

m which is equal to , - _ N
Fig. 1. Schematic illustration of the Stokes model procedure. One iteration

between amplifiers is shown.
) -Ppeak S(gnggnal
R e =

0, noise

N0ISeSH, spon—spon JUSt €QUAISS) noise. The NOiSe power in the
marks is given bySg sig—spon + S0, spon—spon While the noise
where the ratioP,c.x. / Pave is the ratio of the peak power in aPOWer in the spaces is just given By, spon—spon- . _
mark to the average power in the signal channel. For the standar¥/eé summarize the complete procedure schematically in
nonreturn-to-zero (NRZ) format, this ratio is two; for the starfig9- 1 This procedure is repeated iteratively from amplifier to
dard return-to-zero (RZ) format, this ratio is four; and, for th@mplifier.

chirped returned-to-zero (CRZ) format of Bergarbal. [10],

this ratio is approximately 5.3. In principle, these ratios are low- 1. V ALIDATION

ered somewhat by the electrical filtering in the receiver; how- |n order to validate the Stokes model of polarization effects,
ever, we have found that our results are insensitive to these GRE puilt a full model using the Manakov-PMD equation [8].
rections. We may then use a formula relating¢héactor to the e then compared the Stokes model to the full model for both
signal-to-noise ratio (SNR) assuming that the noise is Gaussigfgle-channel and eight-channel systems at a data rate of 10

distributed [11], [13] Gbits/sec per channel. In the WDM studies, we used a 1 nm

channel spacing. We have also carried out comparisons at 5

Qi = SNR™ /2Bopt (17) Ghits/s that we will not present here, and the results were sim-
V2SNR™ 4141 V Belec ilar. In the full model, we studied NRZ, RZ, and chirped returned

to zero CRZ data formats, although we will only present the re-
where B, is the optical bandwidth anf.... is the electrical sults for the RZ systems in this paper. The results for NRZ and
bandwidth. We note that this expression includes contribGRZ are similar and can be found in [9].
tions from both the spontaneous-spontaneous beat noise and/e used a periodic dispersion map that consisted of one sec-
the signal-spontaneous beat noise. Physically, the electritiah of a single mode fiber whose dispersibn at A\g = 1.55
detector at the end of transmission line recei®&s,,, /Bae. pm is 16 ps/nm-km and whose length is 264 km, and another
noise modes. Therefore, the signal-spontaneous beat naisetion of dispersion-shifted fiber whose disperdigyat Ag =
So,sig—spon 1S GiVeNn by (Ppear/Pave)*’2(5050, noise)*’?  1.55 pm is —2 psinm-km and whose length is 33 km. In both
(BeleC/2Bopt)1/2, while the spontaneous-spontaneous besgctions, we used a dispersion slope of 0.07 p&fkim. We
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used pre and postdispersion compensation, split equally, to com- 2 _

pensate for the excess dispersion in channels for whigh),.

At the end of the transmission line, we optically filtered the 2 ,
separate channels with a 60 GHz, tenth-order Bessel filter in § 7
the WDM simulations, and we then electrically filtered each S ! /,/
channel using a 10 GHz tenth-order Bessel filter. We used clock ~ ol
recovery to determine the boundaries of the time slots in each
channel. PMD is included using the coarse step method [8], PDL 00 = 05 64 06

and PDG are included using (5) and (8) respectively, and ASE PDL (dB)
noise is included using standard Monte Carlo methods [9]. For
each set of parameters we ran 20 cases, each of which corre- @
sponds to a different realization of the random variations of the
birefringence axes of the fiber and a different realization of the 2 e
ASE noise. However, we chose the bit string to be the same in
each channel in all 20 cases in order to av@idariations from
case to case due to pattern dependences in the limited strings of I 2
64 bits per channel that we could keep in the simulations. -

For each set of parameters, we set the decision level for the 0
marks and spaces empirically to obtain the best average SNR.
We determined the SNR for each of our 20 realizations and then
calculated the&) factor using (17). Using the factor when the (b)
PDL and PDG are zero, we then determink€ ™ for all 20 Fig. 2. Comparison of the signal degradation as a function of PDL in the
realizations and from that we found the mqm(m)> and the Stokes model and in the full model, PM50.1 ps/kmt/2, PDG= 0.0dB. (a)

s (m) . (AQ). (b) 0. Solid lines indicate the Stokes model, and dashed lines indicate

standard deviation, * for comparison to the reduced model. jhe ayerage of the full model.

Given the large random variation of the signal-spontaneous
beat noise from bit to bit which leads to significant variations

GQ (dB)

0 02 04 06
PDL (dB)

from realization to realization, 20 realizations is not really suf-

ficient to accurately determineAQ(™) and og"’). We used 2

only 20 realizations because for each set of parameters in which =

we ran an eight-channel simulation, the simulation required be- §14

tween 26 and 27 CPU hours on an SGI Onyx. Additionally, there ~ g4l

can be a large amount of variation due to pattern dependences I

since we only keep 64 bits in each channel. Thus, a comparison 00 R I W R Y
of the reduced model to the full model should be viewed as a "PDL (dB) ’

demonstration of consistency rather than a complete check of
the reduced model.

We note that in each of our comparisons with the reduced 3
model, we used 2000 realizations of the reduced model. Addi-
tionally, we note that we have also validated this model by com-
parison to recirculating loop experiments, and these results will I
be presented separately [6]. This comparison showed excellent 1l
agreement between the Stokes model and the experiments.

(@)

ap (dB)

0 02 04 06
PDL (dB)

We first compare the full model to the Stokes model in the (b)
§|mple cas-e when the pulse modulation format is RZ and_ thq'—ri . 3. Comparison of the signal degradation as a function of PDL in the
is only a single channel. We show the results as a function §tbkes model and in the full model, PMD0.1 ps/krm/2, PDG= 0.06 dB. (a)
the PDL in Figs. 2 and 3, setting the PMB0.1 ps/ka2 and (AQ).(b)og. Solid lines indicate the Stokes model, and dashed lines indicate
the PDG= 0.0 dB and 0.06 dB respectively. The agreement b€ average of the full model.
tween the two models is quite good. The PDL values that we
compared are 0.1, 0.2;-, 0.6 dB. We note that whesy = 1, of bits in each realization, we consider the Stokes model to be
the expected deviation of the full model from its mean is a@t least as reliable as the full model. We note that the difference
proximatelyl/y/19 = 0.23 since we only have 20 realizationsbetween the two models appears to be systematic rather than
at each value of the PDL. Thus, we find that the deviation bpurely random since the full model consistently yielded either
tween the full model and the Stokes model lies within the ekigher or lower values than the Stokes model for bah¢})
pected statistical error of the full model. Indeed, given the smalhdo ) in every plot as we varied the PDL. This systematic de-
number of realizations for the full model and the small numberation is not surprising because the realizations with different

A. Single Channel Comparisons
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(b)
. . . . . . Fig. 5. Comparison of the signal degradation as a function of PDL in the
Fig. 4. Comparison of the signal degradation as a function of PDL in t okes model and in the full model, PMD0.1 ps/knt/2, PDG= 0.06 dB. (a)

- /2 — 0
Stokes model and in the full model, PM 0.1 ps/kmf/*, PDG= 0.0 dB. AQ™)Y, (b)ag’”. Solid lines indicate the Stokes model, dashed lines indicate

) (m) (m) . . . . .
@ .<AQ )- 0) 05 Solid lines indicate the Stokes model, dashed line e average of the full model, and the error bars indicate the standard deviation
indicate the average of the full model, and the error bars indicate the standg{%e values for all eight channels

deviation of the values for all eight channels.

values of PDL are not truly independent. First, we used the saf@St the same as with a single channel, bubtif@ are larger.
bit pattern for all realizations at all values of PDL in order tdVith PDG included, we show the comparison in Fig. S. In con-
avoid artificially enlargings, because of pattern dependenced/@st to the single channel system considered in Section lll-A,
Second, we reinitialized the random number generator for edff effect of PDG is negligible. Again, we found similar results
new value of the PDL, so that we used the same 20 fiber realif8 NRZ systems [9].
tions for each value. If we use different fiber realizations, then
we find that the sign of the deviation between the full model IV. APPLICATIONS
and the Stokes model changes. For the RZ simulations that wgyaying validated the Stokes model, we will now use it to cal-
present here, we found that the choice of fiber realizations Wg§jate the outage probability in trans-oceanic systems assuming
more significant than the pattern dependences in creating a Sy$ystem margin for polarization effects of either 2.5 dB or 3.0
tematic deviation between the full model and the Stokes modgk_ \we usedi0® fiber realizations for each choice of parame-
We found the_ same result for NRZ simulations without polari_zqers, and, when necessary to compute the outage probability, we
tion scrambling; however, we found that when we add polariziged a Gaussian distribution to the tail of the numerically-deter-
tion scrambling then the effect of pattern dependences becomgied probability distribution function. To calculate the proba-
very significant. o bility of failure per unit time, it is necessary to know the rate at
Comparing Figs. 2 and 3, itis apparent that PDG adds a Sihich the polarization states of the transmission line change and
stantial penalty almost independent of the PDL. When the PRlecome uncorrelated. This number is not well-known, but it has
is 0.6 dB but the PDG is 0.0 dBAQ) is under 2 dB. By con- peen estimated that an undersea system will pass through on the
trast, when the PDG is 0.06 dBAQ) is consistently above 2 dB order of10> — 10 independent states in a 20-year lifetime [4].
regardless of the PDL and almost reaches 4 dB when the PDIgig\ce the outage probability is a rapidly decreasing function of
0.6 dB. Howevery only increases slightly with nonzero PDG.AQ(m), there is little ambiguity in simply demanding that the
We found similar results with the NRZ format without polc';\rizabutage probability be less than—.

tion scrambling; however, polarization scrambling substantially The number of WDM channels in trans-oceanic systems has

reduces the effect of the PDG, as expected [9]. grown rapidly in recent years. While the effect of PMD on a
) ) single channel is typically small, the PMD does change the po-
B. Eight Channel Comparisons larization states of the different channels with respect to one

We now discuss an eight channel system that uses the &abther. In other words, the PMD changes the angular separa-
format. We show the comparison between the full model and ttien of the channels on the Poincaré sphere. As a consequence
reduced model in Fig. 4 when the PDG is 0 dB. The error ban§ the interaction of the PMD and the PDL, different channels
on the dashed line show the standard deviation of the 8 channeldl. undergo different amounts of loss when they pass through
Comparison to Fig. 2 shows that the degradatia ™) is al- a device with PDL. Since the gain saturation in the amplifiers is
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Fig. 8. Outage probability as a function of the number of channels. Amplifier
spacing equals (a) 45 km, (b) 50 km. Solid line is for the 2.5 dB decision level;
Fig. 7. Outage probability as a function of number of channels. Solid line igshed line is for the 3 dB decision level.
for the 2.5 dB decision level; dashed line is for the 3 dB decision level.

tuned to effectively restore the total signal power in all the chan-
nels, some channels gain power at the expense of others. This
effect leads to a random walk in the power of each channel and
can cause one or more channels to fade. We will show that this
mechanism is the primary cause of fading in systems with more 107 . .
than approximately ten channels, in contrast to single-channel 0 numbsroofchanne‘;f
systems in which PDG is the primary cause of fading.
To investigate this issue, we considered a system in Whiglg. 9. outage probability as a function of the number of channels, DG
the channel spacing and the optical filter bandwidth equaled 0.67 dB. Solid line is for the 2.5 dB decision level; dashed line is for the 3 dB
nm. We set the other system parameters as follows: RMD] ~ decision level.
ps/kmt/2, PDL = 0.0 dB, and PDG= 0.06 dB. Fig. 6 shows
that as the number of channels increases, the importance of PE&x@ount both noise-induced and polarization-induced penalties.
decreases as expected from the argument in the preceding plithe PDL is the same in each amplifier, then a short amplifier
graph. spacing will introduce less noise but will increase the outage
Next, we set the PDG equal to zero, leaving only the effegisobability. By contrast, a long amplifier spacing will introduce
of PMD and PDL in the model. In this case, we set the channmabre noise but will decrease the outage probability.
spacing to 1.0 nm and the optical filter bandwidth to 0.5 nm. We showed in Fig. 6 that the effect of PDG becomes insignif-
We set PMD= 0.1 ps/km/2 and PDL= 0.1 dB. Increasing icant when there are more than approximately ten channels in
the number of channels, the result is shown in Fig. 7. We firdWDM system. To further investigate this issue, we added a
that if AQ.nowed, the allowed degradation level for any singldPDG of 0.07 dB to the case we showed in Fig. 7. We show these
channel, is set equal to 2.5 dB, then the outage probability dreew results in Fig. 9. Instead of a small outage probability when
matically increases froms.5 x 10713 in the case of a single the number of channels is small, we find that the outage prob-
channel t&.0 x 10~* when there are many channels. With onlyability becomes large for a small number of channels and then
three channels, the outage probability already exceeds. If decreases to its final value. The dramatic increase in the outage
we raiseAQ owed t0 3.0 dB, then the maximum outage probprobability due to PDG when the number of channels is small
ability falls to 2.3 x 10~%, a decrease of more than two orders due to the faster growth of ASE noise that is induced. The
of magnitude. outage probability then decreases as the number of channels be-
When we increase the amplifier spacing from 33 to 45 knepmes larger because the PMD between the channels leads to
and then 50 km, we find that the average valu€adecreases an averaging of the polarization states so that the DOP for the
due to the additional ASE noise that is added to the totaital signal is nearly zero, and the PDG leads to almost no ex-
signal. However, the outage probability decreases becawsss ASE growth. When the number of channels equals 40, the
the number of PDL elements along the transmission line dsitage probability i2.2 x 10~* which is actually smaller than
reduced, as shown in Fig. 8. When the number of channelglig corresponding value 6f0 x 10=* when there is no PDG.
40, the outage probability drops fradd x 10~*t01.3 x 10~  The reason for this paradoxical decrease in the outage proba-
and2.8 x 1079, respectively. So, when one designs a WDNMility is that the PDG tends to compensate for the effects of PDL
system and chooses the amplifier spacing, one has to take imtochannels that experience excess loss.

Outage probability
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We have proposed a Stokes parameter model to study the
combined effects of PMD, PDL, and PDG in long-haul, dense [5]
WDM systems. We then presented validations of this reduced
model by comparison to full simulations. More extensive
numerical validations and an experimental validation are pre-[6]
sented elsewhere [6], [9]. We next used this model to calculate
the outage probabilities in trans-oceanic systems. We foundz)
that PDG plays a key role in single-channel systems, but its
importance decreases as the number of channels increas%
and becomes negligible beyond ten channels. When PDG is
not present, the outage probability increases rapidly with the
number of channels and saturates beyond ten channels. B
contrast, when PDG is present, the outage probability spikes
about three channels and then falls to its final asymptotic valugd10]
When the spacing between amplifiers increases, the penalty
due to polarization effects decreases in WDM systems with
more than about ten channels because the number of amplifiers
in the transmission line is smaller, decreasing the effect of PDL[H]
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