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Abstract—\We present beat length and polarization mode dis- the local properties of fiber birefringence can be characterized;
persion (PMD) measurements performed on installed fibers. Re- preliminary results of laboratory tests performed on fibers
sults regard three different kinds of fibers: standard step-index, tightly wound on drums can be found in [6]. In particular, it

dispersion shifted and nonzero dispersion (NZD). After a histor- ) . - .
ical comparison with standard differential group delay measure- has been shown that dispersion shifted (DS) fibers usually

ment collected four years ago on the same fibers, we perform a Show shorter beat length (10 m-20 m) compared with that
spatial-resolved measurement of the beat length by analyzing the of step-index (SI) fibers (15 m-25 m). However, all results
state of polarization of the backscattered field. We compare PMD  gre restricted to laboratory tests on bare fibers, while data on
properties of different fibers and calculate the statistical distribu- installed cables are not yet available.

tion of the beat length. The differential group delay (DGD) and the . . ;

beat length statistigs depend strongly c?n ﬁbrértypgrgmd or)1 fiber po- The_ am of.th|s Work_ is to apply th(_a POTDR measurement

sition along the link. The influence of the beat length on the DGD technique to installed fibers. The optical cable we tested was
is also discussed. installed in late 1995 between the ISCTI laboratory (Istituto

Index Terms—Beat length, birefringence, differential group Sup_eriore delle C_omunicazioni e delle Tecnolc_)gie deII’I_nfor-
delay (DGD), polarization mode dispersion (PMD). mazione) located in Rome and a shelter located in Pomezia. Few
months later it was characterized in terms of DGD. Recently, we
have repeated the DGD measurements and compared the results
so to obtain information on DGD evolution on a long time-scale.

EVERAL authors [1]-[4] have shown that polarizatiorMost important, we have also measured the beat length evolu-
ode dispersion (PMD) is the ultimate limit in high bittion along several fibers of the cable. Hence, we have estimated
rate optical system with chromatic dispersion compensatidhg statistical distribution of the beat length and compared the
because it causes a difference in the group delay (DGDbghavior of different fiber types.
between orthogonally polarized modes. Consequently, PMD
has been widely investigated theoretically, numerically and Il. STANDARD DGD MEASUREMENT
experimentally for the last 15 years. ) . .

While the statistical description of this phenomenon and of 1he link we have tested is 23.6 km long, and itis composed of
its impact on system penalties can be found in literature, tH Sections of different length, spliced as shown in Fig. 1. The
knowledge of physical aspects concerning fiber local propé}"—ible contains 80 single-mode fibers of three different kmds: 30
ties, like birefringence, is not satisfactory. Such a lack of infokUmbered from 1 to 30) are ITU-T G.652 standard step-index
mation may have displeasing consequences: for example, 59 30 (from 31 to 60) are ITU-T G.653 dispersion shifted (DS)
hard to estimate the PMD variation induced on fibers by the c&d 20 (from 61 to 80) are ITU-T G.655 nonzero dispersion
bling process. Furthermore, standard PMD measurement tef}D). Fibers are grouped in eight tubes, ten fibers per tube.
niques permit to calculate only the total DGD of the link, while FiPers were characterized in terms of DGD four years ago, a
information on the link subsections is not available. MoreoveEW months after the cable installation. This work was carried
all standard methods need both fiber ends, one for transmissff In the framework of the ACTS-ESTHER project (Exploita-
and one for detection, and this may cause severe problemdi@f Of Soliton Transmission Highways in the European Ring): a
field tests on installed cables. field test of soliton transmission at 10 and 40 Gb/s. In that occa-

These are the main reasons fostering the recently propoS&y!; two standard PMD measurement techniques (Jones Matrix
reflectometric technique for PMD measurement [5]. Thi§igenanalysis [7] and Wavelength Scanning [8]) were used. We
technique uses a polarization optical time domain reflectomel@PPed couples of fibers at the Pomezia side, so that measure-
(POTDR), which is based on the analysis of the state gients were performed on 47.2 km long links, and both source

polarization of the backscattered field. By means of a POTDRd receiver were placed in Rome, into the ISCTI laboratory.
The DGD was averaged over a wavelength window of 100

nm around 1550 nm. The main result was that the mean DGD

I. INTRODUCTION
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Fig. 1. Cable layout.
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Fig. 2. Wavelength-average DGD of the Sl fibers: empty bins refer to tt
four-years old measurements, shaded bins to the recent measurements. Dz
and continuous lines (almost overlapped) represent the average of the old
new data, respectively.
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Recently, we have performed the same measurements on Links

same couples of fibers, to investigate the long-term time-ev
lution of DGD. This time, the PMD-coefficient of SI, DS, and
NZD fibers was 0.032, 0.231, and 0.06 1k, respectively. It Fig. 4. Wavelength-average DGD of the NZD fibers: empty bins refer to the
can be observed that the average properties of Sl and DS filfensyears old measurements, shaded bins to the recent measurements. Dashed
have undergone small changes, whereas NZD fibers have gpd continuous lines represent the average of the old and new data, respectively.
creased their average PMD-coefficient by roughly 40%.

A more detailed comparison is shown in Fig. 2, which refers In order to compare the results in a quantitative way, the fol-
to Sl fibers: empty bins represent the DGD measurements ¢Bving parameter can be defined:
tained four years ago, and shaded bins refer to the new DGD (AT); — (A7)} o1
values. Dashed line shows the old DGD average value, while § = JA ks
the continuous one refers to the new DGD average value. Figs. (AT)j 010
3 and 4 (which refer to DS and NZD fibers, respectively), hayghere
the same meaning. j indicates the link;

As a comment, it can be noted that polarization dispersion{Ar),< measured average DGD of thth link;
properties are (and were four years ago) comparable inside eactir); ,.a  DGD measured on the same link four years ago.
set of fibers (SI, DS and NZD). However, a few exceptions af&ome properties of these quantities are shown in Table |, where
represented by fibers 71-72 and, mainly, 39-40, which presém first and the second rows are the maximum and the mean
a larger DGD compared with the others of the same kind. tlue assumed by the modulusifrespectively, while the third
should also be noted that some links (those involving fibers now is the average af;.
21-30, 75, and 76) were not measured, since they were carryingn general, all fibers show large absolute variations in their
telecommunication traffic. average DGDs, although DS fibers seem more stable. A pos-

@)
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TABLE | External
VARIATION OF THE DGD FOR DIFFERENTKINDS OF FIBER cavity laser
Optical
\Y)
Pulse PG R ]_[EDFA amplifier
generator |____"

Fiber type SI DS NZD Acusto-optic

Photodiode —*—| modulator

max{|5;|} 446% 28.8% 95.8%

B
©
\

To fiber-cable
under test

Polarization
analyzer

(51 251% 11.7% 447 %

Fig. 5. Basic scheme of the experimental setup.

{6;) 20% 10% 423 %
a unitary length. If we call this average numbgn), then we
have [9]
Lp= v 3
sible explanation for this behavior is that DGD is influenced at B n(w) ®)

the same time by the intrinsic fiber birefringence as well as by )
external perturbation. When the intrinsic birefringence is higff) 0rder to reduce the measurement uncertainty, we can evaluate

fiber should be less sensitive to external actions. This tentatfyE) for vV > 1 different levelsv,., and calculatd. 5 according

explanation will be confirmed in the following sections. to the least square error criteria, i.e., by means of the following
Additionally, if we consider the mean value 6f, we may formula:

argue that Sl and DS fiber-links present, on average, practically 4 ZQ’:I -

the same values as four years ago. On the contrary, the average Lp=_—x{x—"——. (4)

DGD increases more than 40% in NZD fibers. It should be noted 2o pmt MUR)V Ok

that by averaging the values 6f we have sensibly reduced The peat length can be deduced also from the PSD analysis.

the measurement uncertainty. Hence, the 40% DGD increasgfiny ( r) is the power spectral density of the sigfigl:), and if
NZD fibers should not be attributed to measurement error, ik define the width of¥/(f) as

rather it should represent a real change of NZD fibers properties.
In summary, DS fibers are statistically the most predictable in <JR FEW(F) df) B

terms of average DGD; in other words, it seems that DS fibers Tw = JWW
are more robust against environmental changes. The DGD of R

Sl fibers seem predictable in terms of ensemble average withen, it can be shown that the following simple relationship
a large fluctuation may occur in the average DGD for a singhelds [9]:

fiber. Finally, NZD fibers show a large relative increase of the

average DGD, although the absolute values are still very low. Ly I /12 ®)

However, this increase cannot be considered a definitive result, ow Y

and it could be_ interesting o _mo_nitor these kind of fibers, in The SOP of the backscattered field was measured by means of
order to check if such a behavior is a general trend. the POTDR. The setup, schematically shown in Fig. 5, is based
on an high-resolution commercial OTDR, which was used to

[ll. BEAT LENGTH MEASUREMENT record and process the evolution of the backscattered power.

The theoretical backgrounds of beat length measurement G4ACe the OTDR has a relatively wide-band source, its pulses

be found in [9] and [10]. Here we briefly recall that this kind of2'® NOt suitable for a PMD measurement, hence they were used
o drive an external cavity laser followed by an erbium-doped

measurement is based on the analysis of the following signa[. L - ’
fiber amplifier. The pulse width was set to 5 ns, in order to
achieve a fairly good spatial resolution of about 0.5 m. Measure-
T(z) = 5(1 + 35(2) - 50) (2) ments were performed at the wavelength of 1532 nm. An acus-
tooptic modulator was placed after the EDFA in order to elim-
where 5q is the Stokes vector representing the input state mfate its spontaneous emission disturbing the OTDR receiver.
polarization (SOP), anéz(z) is the Stokes vector representindBy means of an optical circulator, the backscattered field was
the SOP of the backscattered field. Two kinds of analysis canjpassed through a polarization analyzer, before being detected
performed, which are based on the level crossing rate (LCR)lmyr the OTDR.
on the the power spectral density (PSD)/dk). Oncesp(z) is measured?’(z) and hencelLp can be cal-
According to the LCR analysis, the beat lendth is related culated. We did not apply the LCR and the PSD analysis to
to the mean number of timeEB(z) crosses a given level, in the whole optical link, since it is composed of inhomogeneous
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Fig. 6. Upper graph: evolution &f(z) (defined by (2) as measured on fiber

no. 1. Lower graph: stepwise evolution bHf; averaged over each section of 20 e
fiber no. 1. =
15F

fibers; rather, we have applied those analysis separately to e —l
of the ten sections composing the link. As already pointed ¢ 2 %
in [10], the two techniques are in good agreement, and thist -2 1o
havior is confirmed by the present measurements. Hence, for ;,)3
sake of brevity, we will not report the results of both technique 1
but only those of the LCR analysis. 5r -

First of all, let us consider Fig. 6, which shows a sample ev
lution of T'( =) (upper graph), together with the related evolutio i | Hﬂ . W il o
of the average beat length (lower graph, whegeis averaged 0 20 40 60 80 100
over each section). Results refer to the Sl fiber no. 1. It can LB [m]

observed tha?’(z) tends to accumulate toward its upper limi

1, as predicted by the theory [9]. Moreover, a glimpse to the

evolution OfT(Z) may give qua"tative information on the beaﬂ:lg 8. Histogram of the values 'd.fg measured OI’! the 70 sections of DS
Iength, but this information should be carefully used, since f“)ers. The mean value is 20 m, with a standard deviation of 13 m.

may be occasionally wrong. For example, let us compare Se~-

tions 5 and 9: they show a similar evolution®fz), yet they ex- 10

hibit a differentZ 5. Analogously, Sections 7 and 9 show simila B

beat length values, but differefi{ =) evolutions. Hence, deeper 8- =l :

and more rigorous analyzes (as the LCR and PSD ones) are ‘

ommended. 2 ol ]
We measured the beat length on the ten sections of sever .2

fibers, seven DS fibers, and four NZD fibers. So we collected « g’ at |

ensemble of 7@ g values for the Sl fibers and for the DS fibers

and of 40 values for the NZD fibers. Based on these results, ' 1

have performed a statistical analysis on the beat length of 1 2r ' |

three different kinds of fiber. Fig. 7 shows the histogram of tF ’ Hmﬂﬂ r ‘

measured. g for Sl fibers: it can be seen that the beat lengt Om T 50 7'5 : 30‘

ranges between 10 m and 120 m, around an average valut

42 m, with a standard deviation of 26 m. Results of a simil: Ly [m]

analysis performed on DS and NZD fibers are shown in Figs. s

and 9, respectively. DS fibers have an averageof 20 m, and Fig. 9. Histogram of the values df; measured on the 40 sections of NZD

a standard deviation of 13 m, while NZD fibers exhibit a mediipers. The mean value is 18 m, with a standard deviation of 5 m.

beat length of 18 m, with a standard deviation of about 5 m. Itis

evident that, compared with Sl fibers, both DS and NZD presentOther interesting results can be obtained by analyzing the
a remarkably lower beat length and a lower standard deviatioilecal evolution ofl. 5. Fig. 10 shows such evolution for Sl fibers
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Fig. 10. Evolution ofL 5 for Sl fibers. Each line refers to one fiber. The beafig. 12.  Evolution ofL 5 for NZD fibers. Each line refers to one fiber. The
length was averaged over the length of each section. beat length was averaged over the length of each section.

100 IV. CONCLUSION

We have characterized the birefringence of several fibers of
three different kinds: standard SI, DS, and NZD, and we have
analyzed their DGD variation on a four-year-long timescale.

Concerning the beat length, standard Sl fibers exhibit longer
values (hence a lower birefringence) compared with DS fibers.
Moreover, thel g values of Sl fibers have a larger standard de-
viation, compared with that of DS and NZD fibers. This cannot
be considered areal surprise, since the total birefringence is usu-
ally a superimposition of several contributions (internal stresses,
elliptical core section, external stresses, etc.). In NZD fibers and
DS fibers, it is reasonable that the major effect on birefringence
Sections should be caused by internal stresses due to higher dopant con-
centration. Hence, those fibers result less sensitive to external
stresses induced by cabling and by the environment, and conse-
huently the fluctuation of beat length is limited compared with
Slfiber case. This behavior is also confirmed by laboratory tests

(now we do not use a stepwise representation for the sake?gthe same kinds of fibers published elsewhere [10].
clearness). It can be seen that fibers in Section 4 present lesSther Supports to our conclusions arise from the DGD prop-
spreadL values, which is unusual compared with the othéi'i1es of the two family of fibers: in fact, the DGD of DS fibers
sections. Something similar happens for DS fibers (see Fig. 10N average greater than that of the Sl ones, which agrees with
Section 4 shows again a different behavior: however, in this c488 larger measured birefringence of the former.

Ly assumes more spread (rather than less spread) values corfn the contrary, NZD fibers have shown a peculiar behavior:

pared with the rest of the link. It should also be noticed thdlSt of all, their average DGD is grown of roughly 40% in the

excluding Section 4, the beat length of DS fibers has a melgst four year, whereas the average DGD of Sl and DS fibers
value of roughly 17 m, with a standard deviation of only 4 mS practically unchanged. Furthermore, NZD fibers have almost

this shows that the high values 6f; appearing in Fig. 8 are the same beat length as the DS, yet they have a lower average

due only to Section 4. Finally, a similar graph has been plott&f>D; comparable to that of the SI. This may suggest that they
for NZD fibers (see Fig. 12), but in this case, we do not obser{e affected by a large polarization coupling.
different behaviors among the sections.
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