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Th e paper addre sses a comp ensat ion metho d of polari zati on mo de dis-

p ersion based on lon git ud inal strain appli ed to a highl y biref ringent Ùber in-
tro duced as apart from optical Ùber lin k . A s an intro duction a short overvie w
of the polari zatio n mo de disp ersion comp ensation metho ds know n up- to- now
is done. Dep endenc e of p olarizati on mode disp ersion on longitu di nal strain is

discussed. Some results of exp eriment w ith biref ringence changes due to lon-
gitudin al strain in the bow- tie highl y biref ringe nt Ùber necessary for dynamic
p olarizati on mo de disp ersio n are presented.

PACS numb ers: 42.81.Gs, 42.81.Pa, 42.25.Ja, 42.25.Dd

1. I n t rod uct io n

Polari zati on m ode dispersion (PM D ) stro ngly dim ini shesbandwi dth of tra ns-
m i tted signals in opti cal Ùber tra nsmission system s. It is caused by randomly di s-
tri buted residual bi ref ringence of any unstressed opti cal Ùber tha t is comm only
used in tel ecom m unicati on appl icati ons. Hence, there are a lot of attem pts to
compensate for bi refri ngence Ûuctua ti on in opti cal Ùbers and in the same to com -
pensate for polarizati on m ode dispersion.

The major cause of polari zati on mode di spersion is the asym m etry of the
Ùber opti c cro ss-secti on. Asym metry is caused by the fact tha t the Ùber core
is slightl y not round or ell ipti cal. W hen the core of the Ùber is asym metri cal,
the light tra veling along a bi ref ringence axi s m ov es slower (or faster) tha n the
l ight polari zed along the ortho gonal axi s. Thi s e˜ect can spread the pul se enough
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to make i t overl ap wi th other pul ses or change i ts own shape enough to m ake
i t undetecta ble at the receiver. Fi ber asym m etry m ay be inherent in the Ùber
from the manuf acturi ng pro cess, or i t may be a result of m echanical stress on
the deployed Ùber. The m echani cal stress can originate from a vari ety of sources.
One source tha t is very di £ cul t to contro l is di urnal (da y/ ni ght) and seasonal
heati ng and cool ing of the opti cal Ùber. Al tho ugh m any Ùbers are deployed in the
ground and of ten wi thi n condui ts, they are sti l l subj ected to temperature vari atio ns
and correspondi ng m echani cal stresses. Ano ther source of mechanical stress can
ori ginate from nearby sources of vi brati on.

Polari zati on mode di spersion does not have a single value for a given section
of Ùber. R ather, i t is described in term s of avera ge di ˜erenti al group delay (D GD),
and a Ùber has a di stri buti on of DGD values over ti m e. The probabi l i t y of the
D GD of a Ùber section being a certa in value at any parti cul ar ti m e fol lows the
Ma xwel l distri buti on.

In the present paper we have intro duced a novel dyna m ic m etho d of PMD
compensati on tha t usesa highl y bi ref ringent opti cal Ùber in whi ch changes in DGD
are induced by longi tudi na l stra in.

2 . M et h ods of P M D com p en sat i on

The sim plest techni que to compensate for polari zati on m ode dispersion is
kno wn as the Ùrst- order PMD com pensati on (or the pri ncipa l sta tes of polariza-
ti on metho d) [1], since it onl y enabl es com pensati on of the Ùrst- order PMD . Thi s
m etho d is real ized by intro ducti on of the opti cal signal into a pri nci ple state of
polari zati on at the input of the Ùber opti c system as shown in Fi g. 1a. The polar-
izati on contro l (PC) is made wi th fast electro -opti cal crysta ls.

There are several other metho ds of PMD compensati on real ized after prop-
agati on of the signals in opti cal Ùber l inks (Fi g. 1b), in whi ch compensati on may
be achi eved by the use of stati c or dyna m ic m etho ds.

Fig. 1. Metho ds of PMD comp ensation ; (a) pre- propagate metho d, (b) after propagate

metho d.
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Sta ti c m etho ds requi re a polari zer or, based on Ùxed ti me delay, a properly
ori ented bi refri ngent Ùber [2]. The polari zer shifts one state of polari zati on enabl ing
an attra cti ve way of reduci ng pul se bro adening. Ano ther stati c metho d of PMD
compensati on is based on the assumpti on tha t an opti cal signal launched into
the Ùber is characteri zed by a constant di ˜erenti al group delay [3, 4]. The sing le
D GD element can dra stical ly reduce the average pul se spreadi ng, and hence, the
average bi t error ra te. T o contro l input states of polari zati on a personal com puter
is com monl y used. Thi s system is m uch m ore sim pler to bui ld, contro l , and analyze
and theref ore is superior to the Ùrst-order PMD com pensati on system .

D yna mic m etho ds or vari able delay metho ds are based on appl icati on of op-
ti cal elements wi th electronical ly contro l led opti cal pul se to com pensate for the
D GD [5]. These m etho ds are generally based on variati on in the di ˜erenti al group
delay. Thi s al lows com pensati ng randomly changes in PMD around its average
value. There are several physi cal phenom ena tha t can be used for dyna m ic com -
pensati on of PMD . The com pensati on of variabl e delay m ay be achi eved by phase
shi ft caused by electroopti cal , elastoopti cal or m agneto opti cal m etho ds. Here bul k
m ateri als as well as opti cal Ùbers m ay serve as opti cal acti ve element.

A compari son between di ˜erent m etho ds of PMD com pensati on is shown
in the Table. The Ùfth colum n in the T able shows param eters of the n -degree
of freedom m etho d tha t is a combi natio n of several other PMD compensati on
m etho ds. It a llows obta ining addi ti onal degrees of freedom in com pari son wi th
other PMD com pensato rs. The higher the num ber of degree of freedom, the system
becomes m ore Ûexibl e. Mo reover, enabl ing compensati on for various D GD values
and to som e extent also for higher orders of PMD . On the other hand, any increase
in the degree of freedom com pl icates the who le PMD compensati on system . Thi s
slows down the response and consequentl y reduces the probabi l i t y of m ainta ini ng
an opti mized state of the com pensati ng system .

T A BL E
C omparison b etw een di˜erent PMD comp ensation techni ques.

First Polarizer Fixed time V ariable n -degree of

order delay delay freedom

System low low low average high

complexity

Response fast fast fast medium slow

speed

Quality of low average average high high

comp ensation

Order of PMD Ùrst Ùrst Ùrst n -order n -order

comp ensation order order order
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3 . D ep end en ce of d i ˜ er entia l gr ou p del ay on longi tu di nal st r ai n

The dyna mic metho d of PMD com pensati on uti l izing a highl y bi refri ngent
(HB) Ùber is based on m echanical ly induced changes in di ˜erenti al group delay in
the short section of the HB Ùber.

D i ˜erenti al group delay Â § in the HB Ùber stro ngly depends on m odal bi re-
fri ngence Â Ù of the Ùber as fol lows:

Â §

L
=

d (Â Ù)

d!
=

1

c

˚

Â n e˜ + !
dÂ n e˜

d!

Ç h ps

km

i
; (1)

where Â § =L i s usual ly expressed in uni ts of picoseconds per ki lometer of Ùber
length, Â n e˜ is the di ˜erenti a l e˜ecti ve index of refracti on for the slow and fast
polari zati on modes, and ! = 2 ¤ c= Ñ i s the angul ar frequency of l ight.

For HB Ùbers in whi ch bi refri ngence is caused by stress appl yi ng parts intro -
duced in claddi ng close to the core region of the Ùber Â n e˜ i s nearl y wa velength
independent and the chro matic di spersion of the m odal bi refri ngence is negl igi -
bl e. Hence for thi s typ e of Ùber the m easurements of bi refri ngence and PMD are
equivalent and the form ula (1) m ay by reduced to the fol lowing expression:

d (Â Ù)

d !
¿=

1

c
Â n e˜ =

Â Ù

c k
: (2)

Typi cal values of DGD for HB Ùbers are close to 1000 ps/ km , tha t is relati vel y very
hi gh in compari son to 0.1 ps/ km (typi cal values of PMD for tel ecomm uni cati on
Ùbers). Hence, we propose to use a short section of the HB Ùber to com pensate
changes in DGD and consequentl y in PMD of tel ecom muni cati on Ùbers.

Co ntro l led vari ati ons of bi refri ngence in HB Ùbers necessary for com pensa-
ti on of random Ûuctuati ons of bi refri ngence in tel ecomm uni cati on Ùbers m ay be
caused by such externa l parameters as axi al and radial stresses, hydro stati c pres-
sure or longi tudi nal stra in. The e˜ect of externa l ly induced bi refri ngence as thi s
observed in HB bow-ti e Ùbers due to di ˜erent above-m enti oned envi ronm ental
inÛuences is well kno wn and has been investi gated in deta i ls elsewhere [6]. For
exam ple, the inÛuence of longi tudi nal stra in can be expressed by the fol lowi ng
form ula:

Â Ù = Â Ù0 + 2 ¤ "= ( T " L ) ; (3)

where " i s the longi tudi na l stra in deÙned as Â L= L; L i s the length of the Ùber, and
T " i s an experim enta l param eter corresp ondi ng to the amount of stra in requi red
to induce a 2 ¤ phase shift of the polari zed l ight observed at the output [7]. Hence,
di ˜erenti al group delay for a hi ghly bi ref ringent Ùber in whi ch bi ref ringence is
caused by stress appl yi ng parts depends on longi tudi na l stra in as fol lows:

Â §

L
=

Â Ù

ck
=

Â Ù 0

ck
+

2 ¤ "

T " Lck
: (4)

Since the pro duct of T " and L i s constant and equal to the value tha t depends onl y
on the wa vel ength used and the typ e of the HB Ùber, hence the to ta l bi refri ngence
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Â Ù increases wi th stra in. D ue to the fact tha t longi tudi nal stra in in the Ùber can
be easily changed, for exampl e by using a piezoelectri c cyl inder wi th the HB Ùber
wo unded on i t we can compensate in a simpl e way D GD of the incom ing opti cal
signals caused by random Ûuctuati on of bi refri ngence in a tel ecom muni cati on Ùber.

4. Exp er im ental r esu l ts

The di ˜erenti al group delay induces not only polari zati on mode di spersion
but also di m ini shesthe degree of polari zati on (D OP) of the l ight passing thro ugh
the highly bi ref ringent Ùbers [8, 9]. W hen the D GD of the output l ight increases,
then the D OP decreasesin di ˜erent way depending on coherence of the l ight source
used in exp eriments. Stri ct theo reti cal relati onship between D GD , DOP, and co-
herence of l ight is unkno wn but m easurem ents of changes in D OP are helpf ul for
predi cti on of longitudi na l stra in inÛuence on PMD compensati on. Hence, instead
of di rect m easurement of the DGD , caused by longi tudi nal stra in, we intro duce an
indi rect m etho d based on stra in- induced changes in the DOP of the light com ing
out of the HB Ùber in order to check a possibi l i ty of dyna m ic com pensati on of
PMD by the use of the m etho d.

In our laborato ry , we have constructe d a system to measure the state and
the degree of polari zati on of the output l ight. Thi s system is cal led the polarizati on
analyzing system , version 1 (PAS- 1). The system can measure f our l ight intensi ti es,
for four di ˜erent arra ngements of the analyzer and the quarter wave plate and then
auto mati cally calcul ates four Stokes param eters along wi th intensi ty of the output
l ight as well as i ts D OP parameter [10].

In our system (Fi g. 2), a laser diode operati ng at 670 nm wavel ength is used
as a l ight source. The l inearly polari zed l ight is launched into the bow-ti e HB 600
Ùber and then is analyzed by the PAS-1 polari meter. The polari m eter was also
connected to a PC computer, whi ch calculated the D OP parameter. The HB Ùber
wa s Ùxed and exposed to the longi tudi na l stra in.

Fig. 2. Exp erimental setup for a degree of p olariza tion measurement.

W hen the l inearl y polari zed l ight at an angle 0£ wi th respect to bi refri ngence
axes was inj ected to the HB Ùber, the degree of polari zati on of the output l ight
wa s near i ts m axi mal value (equal to 1). Ho wever, if the l inearl y polari zed l ight
at an angle 45£ wi th respect to bi refri ngence axes was inj ected to the HB Ùber,
the degree of polarizati on (Fi g. 3) of the output l ight depended on the length of
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Fig. 3. DO P as a function of the input angle of the linearly p olarized light for the H B

b ow-tie Ùber (1. 5 m in length).

Fig. 4. I ntensity of the output light as a function of longitud inal strain for H B b ow-tie

Ùber.

Fig. 5. DO P as a function of longitu di nal strain for H B bow-tie Ùber.

the Ùber, i ts bi refri ngence as wel l as the coherence of l ight source. Intensi ty of the
output l ight is shown in Fi g. 4. The observed decreasing dyna m ics of the output
characteri sti cs of the HB Ùber subj ected to the longi tudi na l stra in can be di rectl y
attri buted to i ts polari zati on m ode dispersion. As a consequence, the degree of
polari zati on of the output l ight also dim ini shesas presented in Fi g. 5.
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5. Co n cl usion s

W e have intro duced a novel metho d to com pensate for polari zati on m ode
di spersion in tel ecom munica ti on opti cal Ùbers based on dyna m ical ly longi tudi nal
stra in- induced changes in bi refri ngence of highly bi ref ringent bow-ti e Ùbers. Thi s
vari abl e delay m etho d o˜ers certa in advantag es as reducti on of the average pul se
spreading as well as bi t error ra te and simulta neously al lows compensati ng ran-
dom ly changes in PMD around i ts avera ge value.
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