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Distributed Measurements of Chromatic
Dispersion and Nonlinear Coefficient in
Low-PMD Dispersion-Shifted Fibers

C. Vinegoni, Hongxin Chen, M. Leblanc, G. W. Schjiviember, IEEEM. Wegmuller, and N. Gisin

Abstract—We report on the investigation of distributed chro- are also discussed. We found that, for nonnegligible values of
matic dispersion (CD) and distributed nonlinear coefficient (NLC)  PMD that can typically be found in the old installed DSF ca-
measurements based on phase mismaiched four-wave mixing inpjeg the method is severely limited and data elaboration needs
dispersion-shifted fibers (DSFs). Experimental results of the dis- . . .
tributed CD maps for low polarization-mode dispersion (PMD) to be refined. Atthe same _tlme_, we propose and also experimen-
DSF fibers are discussed. We also report how nonnegligible values tally demonstrate, for the first time to the best of our knowledge,
of PMD can adversely affect the distributed CD measurements. A a new method based on the aforementioned one to measure the
new method to measure the distributed NLC map inlow-PMD DSF  distributed NLC map in low-PMD DSF fibers.
fibers is also proposed and demonstrated experimentally.

Index Terms—Chromatic dispersion (CD), dispersion-shifted Il. THEORY
fibers (DSFs), distributed measurements, four-wave mixing
(FWM), nonlinear coefficient (NLC), polarization-mode disper- The optical time-domain reflectometer-like method for mea-
sion (PMD). suring a distributed CD map is based on the detection of the

fringe periods of the Rayleigh back-scattered FWM signal, ei-

ther Stokes or anti-Stokes, generated from the fiber under test

(FUT), by injecting two powerful lights (pump and probe) with
PTICAL nonlinearities play a significant role in con-powersp; and P, and frequencies); andws, (wi < ws). If
temporary fiber-optic transmission networks because @fe focus on the FWM generated from the Stokes frequency

the long distances and the high powers present in the optigal = 2., — w,, the phase-mismatchinyk is given by [1]

fibers. In fact, it is well known that nonlinear effects, such

as four-wave mixing (FWM) and cross-phase modulation, AX?

may seriously affect optical transmission network systems, fof® = Akz + Akyz = —D(A)e2m <)\_1> +7(2P = Py)

example, in dispersion-shifted fibers (DSFs). The efficiency of 1)

these processes depends on both the chromatic dispersion (CD)

profile and the nonlinear coefficient (NLG)2/A.q profile. wherey = nawg/cA.s. The above equation shows that the

It is, therefore, highly interesting to have a nondestructiyshase-mismatching\k depends on both the local CD())

technique that allows us to map these parameters as a funcfigiear term) and NLCy (nonlinear term). The Stokes signals

of fiber distance in order to design ultrahigh capacity fiber-optigan also be expressed as a spatial intensity oscillation with pe-

transmission networks. riod Asp. Thus, the temporal oscillation frequeney in inten-

In this letter, we report on the investigation of distributedity of the Rayleigh back-scattered light can be expressed as
CD measurements based on the method first proposed by Mol-

I. INTRODUCTION

lenaueret al. [1], where we obtained a spatial resolution of v = e 1

250 m with a high accuracy. The experimental results for the 2n Asp

case of fibers with low and nonnegligible values of polariza- _c ﬁ

tion-mode dispersion (PMD), in particular in the presence of T 2n 2w

high values of the polarization coupling length (i.e., the distance =vp +VUNL

over which theF field of the travelling wave loses memory of % De <£>2 il (2P, — Py) @)
its initial distribution between the local polarization eigenstates) T 9n hY Anm 1 2/

, _ _ . If P, = 2P, is satisfied, then the nonlinear term disappears and
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When PMD is present, one finds [2] that the correlation betwe: Length (m)

pump and probe SOPs is proportionalSeS, exp(—(AT)?) 0 4000 8000 _
where (A7) is the overall PMD. This change in the relative ] ' P 40 €
SOP has two consequences. First, the FWM efficienp¢y = || different SOP ﬁ”*’a{%\h{i% 045 E
(14 8182)'/?) is polarization dependent. This implies that thi —~ j‘f ' i :3;

X o NIST FIBER L -0.
total detected signal oscillations correspond to the sum of t =2 (3 I 000

Stokes signal—intensity oscillations related to the phase m L
match (i.e., the local CD)—and an additional modulated sign =
due to the change in the FWM efficiency by the PMD. Howeve 2
this effect is usually not important because the length scale 2
this polarization-dependent fluctuation is normally very sho E
compared with the Stokes signal oscillation scale, so that it ®
averaged away. The second consequence, however, implies @
the phase seen by the pump and the probe can be different ¥
cause of the local birefringence, thereby introducing an ad: : . . T : T
tional term (nonlinear term) to (1). As discussed later, this effe 0 3000 6000 9000

can be important in fibers with little polarization-mode couplin Length (m)

(large values of coupling length) and sufficiently high PMD. In

such fibers, polarization-dependent phase shifts of the orderFaf 1. Measured typical traces of the Rayleigh back-scattered FWM signals

; ; ; : m a DSF fiber with low PMD (NIST fiber) for different input SOPs. Inset
the ones from the CD (which is small in DSF fibers) can blgure shows the two CD maps when the lights enters from the different fiber

picked up and strongly vary the oscillation frequency of thgds resulting in a less thaid% difference of CD magnitudes.
Stokes signal intensity.

It is interesting to note that in the case of fibers with small Length (m)
values of PMD, once a CD map(z, A) for a particular fiber o 2000 400 6000 8000

Dispersion

0.0

n

. . . . . —~-0.15 o —=
is obtained, we can retrieve information of the local NiC) £ G
i i i i <025 £
(i.e., ng//_leff) if we consider a ratio for the pump _an_d probe e O - 20g
powers different from two. Unfortunately, local variations due £ o35 | L o §
to the coupling length will not allow us to obtain good and re- 2 ] e o7 8
. g

&
>

producible maps of the NLC. An alternative way [3] consists of ~—-045

) . i : c
performing two different measurements keeping the ratio 9 455 .
P,/ P, constant (and different from two), but attenuating of the g ’ overat] Sbhis work
same facton* both pump and probe powers. It follows that the Q. -0.65 | verall CD-Ahis wor
difference between the temporal frequencies of two measure- O 075 | __ Phase-shift method
e S rependert of e CD (e e e @S e s et 11 e
u , it ut) bu i
o : Wavelength (nm)
dependence iny
c 1 — a* Fig. 2. Overall CD at different wavelengths (open circles) compared with
Avy = y,(a = 1) — y,(a = oz*) = “r (2P1 — P2) phase-shifted method (solid line), for the NIST fiber. In the inset: CD maps for
) ) ) dnm a* 3) different wavelengths.

This allows us to obtain a map of the NLC versus fiber distance.
Note that typical variations of the refractive indexalong FUT the pump and probe lights had no time to acquire significantly

will not significantly contribute to the\v; term. different phases due to the frequent coupling among the fast and
slow axes and the low value of PMD. Indeed, our results show
IIl. EXPERIMENTAL SETUP that we obtained very small changes in both the amplitude and

The experimental setup used for measuring the distributth location of the Stokes signhal maxima. The inset of Fig. 1

. ; §hows the CD maps obtained from lights launched into the FUT
O e o e bth nds (one f e profes was etz resuting
. : ) ood reproducibility and accuracy. A spatial resolution of CD
DSF fibers. The data for the two DSF fibers reported here areds; iy of 250 m with a high accuracy was observed
follows. NIST fiber: length= 9700 m, PMD= 0.02 ps{/km. yF;:_ 32/ . th I gD t diff y t | th. h
AC-2 fiber: length= 7400 m, PMD= 0.19 ps{/km. The pMp _'J- < 9IVes the overal &5 at difierent wavelengins, where

. open circles are obtained from summing up the FWM disper-
was measured by using a PMD analyzer (1Q-5500, EXFO). sion map and the bold line represents results obtained with an

EXFO FTB-5800 analyzer using a phase-shift technique [4].
The two methods produce results in excellent agreement. The
Fig. 1 shows the Stokes signal intensity for the NIST fibemset figure in Fig. 2 shows the distributed CD maps at different
for different input SOPs into the FUT, when pump and probsavelengths. It clearly appears that CD maps have similar ten-
SOPs are set identical. No significant dependence of the resdliemcies except for the dispersion values’ offset at the different

on the input polarizations was expected for this fiber becausavelengths.

IV. DISTRIBUTED CD MAP MEASUREMENTS
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Fig. 3_. Measured_back-scattgred FWM signal intengity profiles for the PMD
DSF fiber (AC-2) with different input SOPs. The bold line shows a progressie, 4 Measured FWM intensity oscillations versus fiber distance

averaging of the signals during scrambling of pump and probe polarizatigif” ie |ow-pMD fiber (NIST fiber) at the wavelength 1541.3 nm for
states. In the inset: the measured FWM signals from the other fiber end. 1) Pio = Pao = 1150 mW and 2)Pyo = Pao = 115 mW. In the inset:

(a) theoretical simulation and (b) an NLC map.

Fig. 3 shows the data relative to the PMD fiber (AC-2). As it
can be seen, the maxima (minima) locations of the Stokes signal VI. DISCUSSION ANDCONCLUSION
vary strongly with the presence of an additional phase due to th
PMD. The shift in the maxima (minima) depends on the inpléﬁ
SOPs. In fact, the CD map can no longer be estimated fro
single trace alone, as the frequency at a given location depe
on the (arbitrary) relative polarization states at that location f% e

that.mput SOP. To remove this arbmary co.mponent, dlfferepéte and meaningful CD maps for fibers having nonnegligible
profiles, each corresponding to a different input SOP, have&glues of PMD, as reported here for the case of a fiber with

g.e takep. Fo;a %Vtehn Io%atlor:, Fhe dm’e\lar: vz:ute of groqp-veloc‘gﬁm > 0.2 ps{/km. Further investigations between the inter-
ISpersion shou en be retained. Ivote that averaging over y of PMD, coupling length, and FWM are in progress. Fortu-

fchet.possmle EOPS durtl)n?dalp agqt'i|_5|t|§ndby mea;nsl of a pol tely, for low-PMD fibers, the input SOP has little effect on the
ization scrambler (see bold line in Fig. 3) does not give a use map. Thus, it is possible to extract meaningful information

rgsult asit 5|mply corresponds tp the sum of the dlﬁeren§ Indal(bout distributed CD values from the detected Stokes signal os-
wdqgl traces giving a curve th.at is basically flat due to arbltraréfllations. For recently installed fibers with low PMD, precision
positions of the different maxima. measurements can be carried out by averaging over all SOPs
to avoid ambiguities. We have also demonstrated a useful mea-
V. DISTRIBUTED 73/ Aeii MEASUREMENT surement range of 40 km when using reclity.
As discussed in Section Il, when the rati/P; is kept Moreover, we have presented a new method in order to mea-

different from 2, the fiber nonlinearities produce an additiongure a distributed map of the NLG, / Aegr. Preliminary results
phase mismatching. Therefore, it is important to maintagPnfirmed the feasibility and the reproducibility of the method
P,/P, = 2 at any position along the fiber in order to extrac@nd further work is in progress.

an accurate local CD value. However, as discussed before, this

effect [i.e., the presence of both linear and nonlinear terms ACKNOWLEDGMENT
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different attenuation for the two different measurements [see
(3)]. Fig. 4 shows two FWM signal traces when the launched
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Note that the NLC map would also be sensitive to power 41 [ . cohen, “Comparison of single-mode fiber dispersion measurement

fluctuation along fiber. techniques,J. Lightwave Technglvol. LT-3, pp. 958-966, Oct. 1985.

§ve have demonstrated highly spatially resolved and accurate
stributed CD measurements in low-PMD DSF fibers based
hase mismatched FWM. Because of the sensitivity of the
M efficiency and the PMD-induced phase mismatching, this
thod could be severely limited in the determination of accu-
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