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factors. The intrinsic factors include non-circulaore,

Abstract— Polarization mode dispersion (PMD) is one cladding eccentricity, elliptical fibre and streisgroduced
of the major factors limiting high data transmission rates ~ during the manufacturing process. Birefringencepooled,
(10 Gb/s and above) in optical transmission systems cabled, or deployed fibre can be introduced byedfit
PMD originates from birefringence and mode coupling extrinsic factors, such as bending, twisting ofré&y and
and is affected by the environment where the optida pressure during installation and operation. As é¢Reernal
fibre cable is deployed. In this study, PMD was environment of the fibre changes, a birefringerfcthe fibre
measured on undeployed and deployed aerial optical changes resulting in the alteration of extrinsitdas.
fibore cables using the interferometry based PMD Long fibres are treated as a concatenation ofriviggnce
analyzer. The effect of environmental conditions sections with birefringent axes that change rangioml
(temperature and wind speed) on PMD was investigatie throughout the fibre length as shown in Fig. 2. dRam
on the deployed aerial cable. We found that the PB  variation of birefringence axes along the fibreutts in
fluctuates more rapidly on deployed aerial cable tan on  random polarization mode coupling between polaidnat
undeployed cable, because of the faster changes ommodes, where there is an exchange of energy. This w
environmental condltlon._ On the other hand, the I_Dl\n) reduce the PMD of the fibre. Polarization mode dingp
of the deployed aerial cable measured without o s from variations in the fibre drawing proges
polarization scrambling showed significant correlaion 0 ytignal fibre “spinning” during drawing, locaéd stress

with its environment, namely a change in the : : . .
temperature and the wind speed. during spooling, cabling or deployment, and fronlicgs
and components [3].

Index Terms—Optical fibre cable, polarization mode

dispersion, Interferometry technique, polarization . |
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I. INTRODUCTION Fig. 2 A concatenation of birefringent sections,evenf is th

OLARIZATION mode dispersion (PMD) is a fast axis and s is the slow axis at each birefricgesection.

fundamental property of non-ideal single mode @ptic . : .
fibre and optical components [1], and is the majo The environment where optical cables are installed

limitation on high data transmission rated@ Gb/s) long (submgrine, buried, aerial and in .duc.ts) influen.(tbs
haul systems. PMD in optical fibres is caused b uctuation of PMD and state of polarization (SQ)light

birefringence and is complicated by mode COup"ndgropagating.through the .fibre. -Buried and submaciaieles
Environmental conditions such as temperature amad wi @re located in a very static environment (stableDHM{ and
causes the fiore PMD to vary randomly in time, mgki SOP [5]), whereas aerial cables are exposed dirécta
PMD particularly difficult to manage. This is anpesially dynamic environment and experiences great strafemun
important factor on aerial optical cables. wind and temperature fluctuations. If there arevifiwations
Birefringence in a fibre causes one of the two@gtinal that disturb the fibre environment, the stress ohuded
polarization modes of an optical signal to trawatér than fibre remains constant. In an aerial cable, the 8@dPPMD
the other resulting in differential group delay-DGBx), as changes on a short time scale because the fibia &
shown in Fig. 1. It is caused by both intrinsic andrinsic dynamic state. To understand how the environmental
conditions play a role in determining the qualitf the
signal, PMD should be addressed in terms of enmigoral
changes.

Il. POLARIZATION MODE DISPERSION MEASUREMENT
TECHNIQUES
The need to accurately characterize and assesnibeci

. o . . ' of PMD in optical fibres has led to the developmeiany
Fig. 1. Schematic illustration of the broadening of tptical puls
through an optical fibre resulting in differentgbup delay At) [2]. measurement methods. These PMD measurement methods
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Fig. 3 Block diagram of the experimental set-yglarizec
broadband source covering the C- and L-bands (1%52% nm)
device under test and a PMD analyzer using the Gl
technique.

can be classified as frequency or time domain tecles.
The frequency domain techniques (e.g. fixed analj@g
Jones matrix eigenanalysis [7], and Poincaré atbadd8])

determine PMD by detecting the changes of the adutpu Ogn =PMD U (1‘%[)D

polarization state as a function of frequency, sthihe time
domain technique (interferometry technique [9],
modulation phase shift techniques [10]) determiPBtD by
measuring the delay between the two orthogonarizekion
modes of the pulse. This paper will concentrate tiog
interferometry technique since it is tolerant of vament
along the fibre path during measurement and is tina¢
consuming.

I1l. THE INTERFEROMETRYTECHNIQUE

The interferometry technique is based on the Maxel
interferometer and is the most commonly used metiood

and

the mean [4]. These fluctuations of PMD readingsdare to
different SOPs being used, and are not from a ahafighe
fibore PMD. If the output SOP is aligned orthogoynad the
analyzer axis there will be no signal detectedttarmore,
if the 1/O SOPs are not changed, not all segmehthe
device under test (DUT) contribute to the measurétD
and no additional information can be obtained ewden
several measurements are taken with the same 1/ ST
get a more reliable PMD value and to reduce theuainty
associated with performing a single measuremengusnly
one 1/0 SOP pair [9], many combinations of SOPstrbes
analyzed. For a stable DUT, the SOP can be randomly
continuously changed by polarization scramblerg, anthe
DUT input and one at the output. The uncertaingoamted
with a single measurement is given by [9]:

2
&
where o, is the autocorrelation of the source. The
uncertainty given by (1) is encountered if therends I/O
SOP scrambling performed intentionally and if thgDis
stable (no SOP fluctuations). It was shown in R&f. that
there is a high degree of fluctuation on PMD, wiedher
input, output or I/O scrambling is performed. ThHOR% of
buried cable change slowly (of the order of hosisge they
are in a static environment [5], whereas for aargdle there
are fast SOP fluctuations [5,14] due to cable mamm
resulting from wind and temperature changes. Ttangbés
in SOPs here result from both a topological eff@rry

1)

determine PMD of deployed fibre. There are diﬁerenphase) [15] as well as from changes in fibre Hingénce

variations of interferometry techniques used toedwine
PMD: the Traditional Interferometry technique (TIM)T
[11] and the improved Generalized Interferometohteque
(GINTY) [9, 12]. In this study the PMD analyzereasis
based on the latter.

and mode coupling. The latter will cause PMD u#oizs in
the cable.

IV. EXPERIMENTAL CONDITIONS

The measured PMD as given by the instrument depends™i9- 3 shows the block diagram of the experimeseiup

on the input and output (I1/0) SOP of the light twldrom

used to measure PMD using GINTY [12] on undeploged

the fibre. When the input and output SOPs are mngdeployed aerial cables. The setup consists of ariged

intentionally, there are fluctuations on PMD reagirabout
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Fig. 4 PMD measured using GINTY from a cable oshgoping
drum with (a) no polarization scrambling and (b)puit
polarization scrambling.

broadband source covering the C- and L-bands (1525
nm), the DUT, and a PMD analyzer using the GINTY
technique. When polarization scrambling was reqljlire
automatic polarization scrambler (EXFO- IQS 5100®)s
inserted at the beginning of the fibre link. SinEMD
fluctuates about a mean with either input or output
polarization scrambling [4], the results presertiede were
only for input polarization scrambling. Where regdi, the
states of polarization were changed continuouslyindu
measurements. PMD measurements were made on: (A)
undeployed 6 km short span loose tube aerial cable
consisting of 24 single mode fibres (SMF) on a in3
diameter shipping drum, and (B) deployed 7.1 knséotube
aerial cable linking St Albans and Rocklands, agdPort
Elizabeth, consisting of 24 SMF.

V. RESULTS

A. Undeployed Aerial Cable on a Shipping Drum

Two optical fibres were selected from a cable on a
shipping drum stored in our laboratory. They werepled to
give a 12 km link. The PMD of the link was monitdrever
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Fig. 5 The fluctuation of SOP, showing one dfetStoke
parameters, resulting from a patchcord disturbance.

an extended period with
scrambling conditions: (a) no polarization scrampliand
(b) input polarization scrambling. Fig. 4 shows tRAMD
values measured over time using the setup showigin3.
In Fig. 4 (a) where no intentional polarization esobling
was performed, the PMD readings observed are \tabfes
during the monitoring period and only slight deidas from
the mean PMD are observed. The small fluctuatidridD
are likely due to minor changes in the birefringerand
mode coupling of the fibres. This is attributed glight
temperature changes in the laboratory environméhe
rapid change in PMD at the beginning of the measars
was due to the patchcord being disturbed. The Uatiins
of SOP resulting from the shaking of a patchcord sirown
in Fig. 5. The change in the SOPs is due to a tapcél
effect [14], and not from a change in the birefenge.
When the SOPs changes, the PMD measured using
interferometry technique will also change.

To increase the accuracy of the PMD measurementt in
polarization scrambling was performed (Fig. 4 (bBiput
polarization scrambling has a large effect on ttadtering of
PMD, as compared to Fig. 4 (a). The scattering MDHs
due to the changing input SOPs and not from a @hamg
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Fig. 6 Gaussian distribution for PMD reading on epidyec
aerial optical fibre cable with (a) no polarizatieorambling an
(b) with input polarization scramblir

environmental conditions or the change in the fibre
properties as will be seen in Section V (B).

Fig. 6 (a) and (b) shows the distribution of meadur
PMD on undeployed cable with no polarization scrimgb
and input polarization scrambling, respectively.eT$olid
lines represent the Gaussian fit to the measur¢al dde
PMD measured without polarization scrambling show a
small spread of the PMD readings (Fig. 6 (a)), &bou
PMDyea=1.38 ps. The standard deviation estimated from
the Gaussian fit was 0.019 ps, and #ig calculated from
(2) was 0.19 ps. The difference between thand oy,
implies that the PMD obtained does not reflecttthbe PMD
of the fibre due to sampling with incomplete SOPs.

When input polarization scrambling is performele t
results scattered more about PMEF-1.28 ps and the
distribution of PMD is broader. This PMRy, is more
reliable than with no polarization scrambling, &ntt is

the following polarizationsampled across all possible SOPs. The non ideadSzaufit

in Fig. 6 (b) is due to the insufficient numberdafta sample
collected. If more data was collected the “dip” @ard the
mean would have been populated and the histograntdwo
have a closer Gaussian fit. When input polarization
scrambling is performed, the standard deviatiof.ib ps
which shows that the mean PMD is closer to the RMD

of the DUT. Shifts in the mean PMD observed forteac
scrambling condition are attributed to sampling hwit
incomplete SOPs (without I/O scrambling) and thet fhat
the temperature where the cable was stored isamstant.

B. Deployed Aerial Optical Fibre Cable

PMD was measured on a 7.1 km deployed aerial dptica
cable extending from St Albans to Rocklands out$tdet
Elizabeth. Two optical fibres from the cable wevegded to
{ﬂgﬂ a link of 14.2 km, and the PMD was measureidgis
the setup shown in Fig. 3. Weather data was oldaimen
the South African Weather Station situated at tloet P
Elizabeth airport, which is 30 km away from St Alisa
Consequently, the temperature and wind data gieea imay
deviate slightly from the actual conditions expeced by
the aerial cable.

Fig. 7 (a) and (b) shows measured PMD over time, an
the temperature and wind speed monitored over dnees
period, respectively. During the first 2 hours, anegral

=
IN)

=
o

Measured PMD (ps)
o
[e<]

0.6
04U
T (b) T T T T 60
. 27 }"&% —b>— Tgmperature B 502
8 e g AR a0 €
o 24 L kg A o «l o syl |79 4] =
o Y, g™ Y
E el E b 120
car ] w 120 &
4 pppPEOPRD
£ 1g[ 1Yy ™ A Ty
g 1 N 1 1 1 1 1 0 g
0 2 4 6 8 10

Time (hours)
Fig. 7 (a) PMD measurements with no polarizatiorasbling

and (b) weather data (temperature and wind spagd)ned fron
the SA Weather Station at Port Elizabeth.
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Fig. 8 The fluctuations of SOPs on undeployed aegdlayec
aerial cable collected over a period of 3.5 seconds

decrease in the PMD can be observed. This corsefateer
well with the change in temperature seen in Fi¢h)7 Note
that the wind speed is relatively low and remaimather
constant during the first two hours. At low windegg, the
contribution of the wind speed to the change iefoingence
and mode coupling is rather low. The stress cabsethe
movement of the cable is likely to be very smalhpared to
the stress caused by the rapid change in temperatie

changes due to stress induced by the oscillatiorthef
optical fibre cable. Consequently, the fluctuatafrPMD is
largely due to the changes in birefringence and emod
coupling resulting from stress of the cable.

Fig. 7 (a) shows that there is a high degree dfestag of
the PMD within the first two hours of the measureine
while the PMD is less scattered after the initigripd.
During the first 2 hours, the wind conditions aa#her calm,
but pick up speed after 2.5 hours and then remaire rar
less constant during the first two hours. It iggested that
each of the PMD readings in the graph is not frogingle
I/O SOP pair, but is an average of several SOPspaihe
measured PMD thus approaches that of the true PKM&hw
more SOPs are averaged.

The time taken for the PMD analyzer to obtain a
measurement is between 3-5 seconds. During this
measurement period, the SOPs can vary rapidly.s ¥&hi
illustrated in Fig. 8 above, which shows a rapi@draye of
SOPs in the deployed aerial cable over a perioahf 3.5
seconds. Under high wind conditions, where there ligh
number of galloping oscillations, there will be mamapid
SOP variations from the topological phase effedf than
under light breeze conditions.

Fig. 9 (a) and (b) shows the PMD measured on theesa
aerial cable with intentional scrambling at therdidink
input, and the temperature and wind speed monitoxeul
an extended period, respectively. Fig. 9 (b) shihasthere
are only small changes in the wind speed (Min Ohkarid
Max 20 km/h) and temperature (Min 15.5 °C and 2C%
over the period monitored. Fig. 9 shows that thenge in
environmental factors (wind speed and temperathas) a

change in temperature has a stronger influence hen tminor effect on the fluctuation of PMD as compated-ig.

birefringence and mode coupling along the fibré,liand is
likely to be the major cause of the PMD decrease.

Fig. 7 (b) shows that after the initial temperatdrep
over 2% hours, there were slow changes in tenmyrerfor

7. There may be small changes in birefringence rande
coupling of the fibre due to stress induced bywied and
change in temperature. The fluctuation of the PMD
measured in Fig. 9 (a) is due to the changes inirthet

the rest of the measurement period (Min 18°C anck M&OPs. There is no observed correlation between the

20°C), however the wind speed was very high andenoor
less constant. Since there are small changes ipet@ture,
its effect on PMD is likely to be small. At highnd speed,
the wind causes the fibre to move (gallop) [16]. shich
wind speeds there is a rapid oscillation of thdebetween
the poles that will introduce more tension (stress)the
fibre. The birefringence and mode coupling of tlieref
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Fig. 9 (a) PMD measurements of the deployed aeghle witt
input polarization scrambling, and (b) weather daaperatur
and wind speed) obtained from the SA Weather StagioPor
Elizabeth.

environmental factors (temperature and wind spaed)the
measured PMD.

Comparing Fig. 6 and Fig. 10 of undeployed and
deployed aerial cables, the distribution of the soeed
PMD with no polarization scrambling on the deployadble
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Fig. 10 Gaussian distribution of measured PMD aiabeptica
fibre cable wih (a) no polarization scrambling and (b) ir
polarization scrambling.



is slightly broader than the undeployed cable. o
deployed cable, the measured PMD with no polaopati
scrambling is more scattered (see Fig. 7 (a)) Aetetis a
broader distribution (Fig. 10 (a)), about the PMLF0.69
ps, as compared to PMD measured on buried fibrearjd]
undeployed cable (see Fig. 6 (a)). This may be tduthe
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unintentional self scrambling resulting from a ttmgpcal
effect [14] and the change in the birefringence amatle
coupling of the fibre.

When input polarization scrambling is performede th
distribution of PMD is broader than when no polatian
scrambling is performed. This is expected sincestmaple
distribution must improve (Fig. 10 (b)). The charigethe
standard deviation shows that, to improve the aaguof
the measured PMD value, intentional polarization
scrambling is necessary. The observed shifts inntean
PMD are attributed to the changes in the fibreftivgence [7]
and mode coupling due to the changes in the envieotal
conditions (temperature and wind speed).

(5]

(6]

VI. (8]

The PMD of undeployed cable remains stable when
monitored without polarization scrambling over aipe of
time (hours). When input polarization scrambling
performed the measured PMD is more scattered arthend
mean, and the value obtained is more reliable. depial
cable the PMD is more scattered even with no prdédn
scrambling is performed, this is the result of selfambling
of the aerial cable due to environmental changes
(temperature and wind speed). We were able tondigih
between temperature and the wind effects on the R¥ID
deployed aerial cable under certain conditionsloit wind
speed, PMD observed seems to “track” the change in
temperature. When there are small changes in textyperat
high wind speed, PMD fluctuates about the meanfullg
understand the effect of the environmental conglitem
PMD, PMD must be measured with both input and dutpu
polarization scrambling, over a longer period. Lalegm
monitoring of SOP fluctuation in a aerial cable dfso
required.

CONCLUSIONS
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