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Eigenstates of Polarization of
Elliptical Single-Mode Fibers

Z. E. Harutjunian and A. B. Grudinin

Abstract—The degree of polarization of radiation in an ellip-
tical polarization-maintaining fiber and the polarization states of
eigenpolarization modes of such fibers have been experimentally
investigated in a wide spectral range. It has been shown that the
elliptical fibers are uniform, homogeneously twisted fibers with
elliptically polarized eigenpolarization modes. The ellipticity of
the eigenpolarization mode is independent of fiber length and
increases with wavelength, while the azimuth of the eigenpolar-
ization mode is spectrally independent.

I. INTRODUCTION

XPLOITATION of polarization-maintaining fibers (PMF)

in coherent communication systems [1], in fiber-optic
sensors and devices [2], [3], and in the investigations of differ-
ent nonlinear processes [4], [5] requires information about the
polarization states of the fiber eigenpolarization modes, also
known as PMF polarization eigenstates, or eigenpolarizations
[6]-(13].

It is known that in ideal polarization-maintaining fiber
the eigenpolarization modes are linearly polarized along the
symmetry axes of the PMF cross-section [14]. However, in
practice, the azimuthally nonsymmetric perturbations of the
fiber such as twist, bending, transverse pressure, and electric
and magnetic fields perturb the dielectric constant tensor of
ideanl PMF and change the polarization states of its eigen-
polarization modes. These effects can arise either during the
fiber manufacturing process or as a consequence of the action
of external forces. Combined effects of various perturbations
lead to elliptial polarization of the eigenpolarization modes
in polarization-maintaining fiber. The polarization states of
the eigenpolarization modes depend not only on the type of
perturbation, but also on its distribution along the fiber. At this
point there are two types of PMF; uniform and nonuniform
polarization-maintaining fibers. In uniform PMF the different
perturbations distribute regularly along the fiber, and the
eigenpolarization modes of such fibers are independent of
propagation length [6}-[10], {13]. In nonuniform polarization-
maintaining fibers there are either the discrete mode-coupling
centers [12] or the perturbations distributed randomly along the
fiber [11], [13]. The eigenpolarization modes of nonuniform
PMF have a local nature and are different at different lengths
of the same fiber.

In this paper, we have experimentally investigated the
polarization eigenstates of single-mode fibers with elliptical
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Fig. 1. Fiber cross sections.

stress-induced and outer claddings, which have been made
using the preform deformation technique [15]. Recently, their
polarization characteristics have been examined, both theoreti-
cally and experimentally {16]-[20], while study of polarization
eigenstates in such fibers in a wide spectral range has not yet
been done.

II. FIBER STRUCTURE

The cross section of the test elliptical fibers consists of five
regions: a circular core (S5i0; + GeQ,), a circular buffer
cladding (SiO2 + P03 (1.5 mol.%) + F (1 mol.%)), an
elliptical stress-induced cladding (SiO2 + B2O3 (17 mol.%)
+ P,05 (4 mol.%)), an additional elliptical cladding (SiO5 +
P,05 (1.5 mol.%) + F (1 mol.%)) and an elliptical outer
silica cladding (Fig. 1). The circular buffer cladding reduces
excess loss related to an intrinsic absorption of B, O3 in stress-
induced cladding, and the elliptical claddings cause thermal
stress in the core [18]. In all test fibers the refractive indexes
of the claddings are equal to the refractive index of SiO,.

Parameters of test fibers are listed in Table I, where A.
is the cutoff wavelength, An is difference between refractive
indexes of the core and claddings, 2a. is a diameter of the
core, €, = a — b/a + b is stress induced cladding ellipicity
(a and b are the semimajor and semiminor geometrical axes,
respectively, of the elliptical stress-induced cladding, €, =
Az — Ay/Az + Ay is an outer cladding ellipticity (A, and A,
are semimajor and semiminor geometrical axes, respectively,
of the elliptical outer cladding), and = is a buffer cladding-core
radii ratio. The studies of polarization characteristics of these
fibers have been published recently [16], [18].

III. EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental setup is shown in Fig. 2. The radi-
ation of a YAG laser 1 excites the Raman scattering in
an auxiliary fiber 2 in 1.06-1.8-um wavelength range. The
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TABLE 1
TesST FIBER PARAMETERS
Fibers
Fibers
Parameters ! 2 3
Ac (m) 1.05 1.05 1.09
An 107 8.13 7.89 8.4
2a, (pm) 8.0 8.0 8.1
gs 0.45 0.41 04
o 0.24 0.22 0.22
5 3.43 391 3.54
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Fig. 2. Experimental setup.

output depolarized radiation passes through a monochromator
3 and Glan-Thomson polarizer 4 after which we have linearly
polarized light, which is launched into the test fiber 5. To
avoid undesirable external influences the elliptical fibers were
accurately wound on the 10 cm radius drum. The Glan-
Thompson polarizers 6 and 8 and phase plate 7 are used for the
measurement of Stokes parameters of output light according to
the technique described in [22]. All polarizers were adjusted
in the same manner so that the aximuths of their transmission
axes are equal to the angle between transmission axis and the
positive direction of the OX axis of the laboratory reference
frame.

The investigation of eigenstates of polarization is carred out
by measurements of the state and degree of polarization of the
partially polarized light at the fiber output.

It is known [21] that for complete specification of partially
polarized light we have to determine total intensity I, the
degree of polarization P, and characteristics of the totally
polarized component of light—an azimuth ¢, which is the
angle between the major axes of polarization ellipse and the
positive direction of the OX axis of the laboratory reference
frame, and an ellipticity angle

1 = arctg b (D
ap
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Fig. 3. Totally polarized component of light at elliptical fiber output.

where a, and b, are the semimajor and semiminor axes,
respectively, of polarization ellipse of the totally polarized
component (Fig. 3). In experiment the orthogonal, right-
handed, Cartesian frame XYZ is chosen as a laboratory
reference frame, in which light travels along the OZ axis in
the direction of increasing z, the OX axis corresponds to hor-
izontal direction, and the QY axis corresponds to the vertical
one. Thus all required parameters (I, P, ¢, and ¢) might be
determined from the measurements of Stokes parameters of
outgoing light. In terms of the Cartesian components of the
transverse electric field of the light, the four Stokes parameters
are defined as follows [21].

So = {|E=(t)1*) + (|1 E, (1)) )
S1 = (Ex(t)|) = (| Ey (1)) ©)
Sy =2(Re[EL(t)Ey(t)]) 4)
S3 =2(Im [EL(t)E;(t)]) 5)

where E.(t) and E,(t) represent the linear, simple-harmonic
oscillations of the electric-field components along the OX and
OY axes, * indicates complex conjugation, and () means
time average. Stokes parameters have the simple physical
meaning. Sp is the total intensity of light. S; is the excess
of linear polarization along the OX axis over the linear
polarization along the OY axis. Sy is the excess of linear
polarization at +45° with respect to the OX axis over the
linear polarization at —45° with respect to the OX axis. S3
is the excess of right circular polarization over left circular
polarization. In experiments, therefore, all information about
partially polarized light at elliptical fiber output may be
extracted from the measurable Stokes parameters [21].

I =S(] (6)
p_ (51483 +SHY )
So
1 S
v=73 arctg (§1—> 8)
1 . Ss3
P = 3 arcsin ((Sf + 52 +S§)1/2)' 9)
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IV. DEGREE OF POLARIZATION OF RADIATION
PROPAGATING ALONG THE ELLIPTICAL PMF

We start our study from measurements of degree of po-
larization of light at the elliptical fiber output against fiber
length z and the wavelength A. These dependencies allow us
to make conclusions about distribution of different types of
perturbations along the fiber. The measurement of degree of
polarization P has been done in the 1.2-1.6-um wavelength
range. The fiber was excited by linearly polarized quasi-
monochromatic light with nearly rectangular-shape spectrum.
The spectral width of incident light was adjusted by output
slits of the monochromator, so the coherence time of incident
light 7, was a constant 6 ps throughout the experiments.

The degree of polarization at fiber output was determined
from measurements of the Stokes parameters of the output
light and the experimental values have been substituted into
(7).

Dependencies P(z) and P()) were investigated for the
different azimuths ¢; of transmission axis of the incident
polarizer 4 in Fig. 2. For this purpose the siow axis of the fiber
coincides with the OX axis and the fast coincides with the OY
axis of the laboratory reference frame. Thus the azimuth ¢;
is equal to the angle between the slow axis of PMF and the
direction of oscillation of the electric-field vector of incident
linearly polarized light. Note that the term “principal axis”
is usually used when the eigenpolarization mode of PMF is
linearly polarized. If the eigenpolarization mode is elliptically
polarized, the axis is the major axis of the polarization ellipse
of eigenpolarization mode.

Since it is known that for the elliptical fibers the principal
axes do not coincide with the geometric axes of fiber cross-
sections [19], the principal axes of investigated PMF were
aligned to the laboratory reference frame in the following way.
First, the major and minor geometric axes of the fiber input
surface were roughly aligned to the horizontal and vertical
lines, respectively, with a microscope. Then, at the aximuth of
the transmission axis of the incident polarizer 4 p; = 45° we
twisted the input surface in the fiber cross-section plane with
the step equals 0.3°. measuring the degree of polarization of
the outgoing light after each twist. With the minimal degree
of polarization at the output, both uniform [10], [13] and
nonuniform [11], [12] PMF, corresponds to equal excitation
of eigenpolarization modes at fiber input, i.e., the principal
axes of PMF are aligned to the laboratory reference frame.

Since dependencies P(z) and P()) are analogous for all
investigated elliptical fibers, structural parameters of which
are listed in Table I, the measurement results are represented
only for fiber 3.

Fig. 4 shows the dependence of the degree of polarization of
the outgoing light against length z of the elliptical fiber 3. The
fiber was excited by quasi-monochromatic linearly polarized
light with central wavelength A = 1.3um and azimuths
0°,15°,30°, and 45°.

One can see that the degree of polarization depends on
the incident polarization state and coherence time. For each
fixed ¢; U_le degr_ee of polarization decreases, monotonically
to a certain stationary level. The reason for this effect is
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Fig. 4. Dependencies of degree of polarization of light at output of elliptical
fiber 3 on fiber length of A = 1.3 pm.

a gradual loss of the mutual coherency of eigenpolarization
modes. Polarization dispersion of fiber 3 is 7, = 0.66 ns/km at
A =1.3um and a delay At = 7,2 between eigenpolarization
modes becomes equal to coherency time of light at fiber length
of z4 = Tc/Tp = 9 m. 24 is depolarization length.

It is clear from Fig. 4 that when the fiber length z becomes
greater than 24, i.e., AT > 7, the eigenpolarization modes of
investigated PMF become mutually incoherent and the degree
of polarization is constant and determined only by incident
condition.

Obviously, the closer the incident state of polarization to
the eigenpolarization state, the higher degree of polarization
P. Therefore, since the principal axes of investigated PMF
are adjusted along the azimuths 0° and 90°, respectively, the
higher value of degree of polarization corresponds to ¢; = 0°
and the lower one corresponds to ¢; = 45°.

Behavior of degree of polarization is similar at another
wavelength A. Figs. 5 and 6 show the spectral dependencies
of P for fiber 3, when fiber length is equal to 3.15 m and 0.86
m, respectively. It is seen from Fig. 5 that at 2 = 3.15 m the
degree of polarization differs at different wavelengths and the
shape of the spectral dependence of P is the same for different
azimuths of incident linearly polarized light.
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Fig. 5. Spectral dependencies of degree of polarization of light at output of
fiber 3 having length = = 3.1 m.

So at any ¢;, the degree of polarization increases with
a wavelength of A = 1.3 um and monotonically decreases
beyond this wavelength. The main reason is the behavior
of polarization dispersion: It decreases monotonically with
a wavelength in the range of 1.2-1.3 um and increases in
the range of 1.3-1.6 um (Fig. 7). Therefore, the degree of
polarization at A = 1.3 um is greater than at A = 1.2 um and
A = 1.6 um. Note also that as one can see from Fig. 6, at the
length of 0.86 m the eigenpolarization modes are incoherent at
fiber output in the whole spectral range (P = 0 at ¢; = 45°)
and P does not depend on wavelength and is determined only
by the state of polarization of the incident light.

The dependencies shown in Figs. 46 allow us to con-
clude that the tested fibers are uniform ones, since it is
known [11] that in nonuniform polarization-maintaining fibers,
eigenpolarization modes are always mutually coherent and the
depolarization length of such fibers z,4 is determined not only
by coherent properties of light, but also by the polarization-
holding parameter. Therefore, complete depolarization of light
at p; = 45° and z4 = 7./7, is evidence of uniformity of the
test fiber.

For confirmation of this conclusion we have calculated the
degree of polarization at z > z4 using the expression that has
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Fig. 6. Spectral dependencies of degree of polarization of light at output of
fiber 3 having length z = 0.86 m.

been derived for uniform polarization-maintaining fibers [10],
[13]:

aiPlaal® 1% )
(Ja1]? + [a]?)?

where f is a mutual correlation function between two eigen-
polarization modes, and |a;| and |a2| are the amplitudes of the
eigenpolarization modes at a fiber input.

Since investigated PMF is excited by linearly polarized
light, we can write

p= [1 4= 1P

(11)
(12)

. ay =Ii1/2 cos @;
ay = Iil/2 sin ;
where I; is the total intensity of incident light. For fiber length

greater than the depolarization length, eigenpolarization modes

are incoherent, and consequently f = 0. Then
P(z > 24) = cos2p;. (13)

The calculated values at ¢; = 15°,30°, and 45° are
presented in Figs. 4 and 6 by the x’s. The calculated and



1950

2, "m
0670 1
0665 |
0 660 |
1 i ] 1 1
12 13 4 15 16

J\,/m

Fig. 7. Spectral dependence of polarization dispersion of fiber 3.

measured values are in good agreement with each other in
all spectral range, which is the proof of the uniformity of
investigated fiber.

At the same time, as one can see from P(z) and P())
dependencies at ¢; = 0°, light propagating along the in-
vestigated uniform elliptical fiber 3 is partially depolarized,
when PMF is excited by the linearly polarized light, the
direction of oscillation of the electric-field vector of which
coincides with the principal axis of the fiber. Consequently, the
eigenpolarization modes of this fiber are elliptically polarized.
It is known [8], [9] that the eigenpolarization modes of
PMF are elliptically polarized, when either the longitudinal
magnetic field or the fiber twist act upon the fiber. Since the
investigated fibers have been accurately wound on the spool
to avoid external influences, and the presence of magnetic
field is excluded, the single reason resulting in an elliptical
state of polarization might be an internal rotation of the
principal axes of PMF occurring during the drawing process.
Keeping in the mind uniformity of the investigated fiber, we
can anticipate that internal rotation of the principal axes is
distributed regularly along the PMF.

The existence of the rotation has been confirmed by the
results of measurement of rotation angle x of geometric axes
of the cross-section ellipse of the elliptical fibers 1, 2, and 3
versus fiber length z, which is shown in Fig. 8.

Thg measurements were carried out with the backscattering
technique [23]. A He-Ne laser was used as a light source. It
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Fig. 8. Dependencies of rotation angle of geometrical axes of the
cross-section ellipse of elliptical fibers 1, 2, and 3 versus fiber length.

can be seen from Fig. 8 that the internal rotation of principal
axes of investigated fibers is distributed nearly regularly along
the PMF, with the average rate of rotation of 21.6°/cm for
fiber 1, 19.1°/cm for fiber 2 and 17.46°/cm for fiber 3.
The exceptions are the small pieces of about ~5 cm, which
appeared at intervals of ~35 cm, where the rates of rotation
slightly decreased. A possible reason for that is an additional
periodic mechanical perturbation during the drawing process.

Thus the analysis of P(z) and P()) dependencies at ¢; =
0°,15°,30°, and 45° shows that the investigated elliptical
fibers are the uniform regularly twisted PMF.

V. METHODS OF DETERMINATION OF
THE EIGENSTATES OF POLARIZATION

The uniformity of the investigated elliptical fibers allows us
to propose two simple methods to find states of polarization
of eigenpolarization modes of these fibers.

A. First Method

The Fourier's components of the transverse part of the
electrical field in real polarization-maintaining fiber E{z,w)
can be expanded in terms of the eigenpolarization modes of
some ideal fiber €, and &,, which are linearly polarized along
the cross-section symmetry axes OX and OY, respectively,
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of an ideal fiber

E(Z, w) = [Ez(sz)éz

+ E'y(z,w)é‘y]ei“’t. (14)

The expansion coefficients E.(z,w) and E,(z,w) satisfy
the simple coupled-mode equations [13]

dE(z,w) .

—d—z——' = TE(M,W) (15)
where

E.(z,w)
E(z,w) = 16
(z,w) Ey(z,w) (16

_ —ilgz:i h

T= R —iBy | an

Here 3;; and §,; are the propagation constants of eigenpo-
larization modes of an ideal fiber (we assume that the fiber
has no attenuation, and then §,; and 3,; are the real), h is
the coupling coefficient

= |h|e'. (18)

In uniform fiber the parameters (.;.08y:,|h|, and o are
independent of the fiber length z, and then from (17) we
can find out propagation constants of polarization-maintaining
fiber

ba=ptm (19)

and corresponding to them orthogonal eigenpolarization modes
of real fiber

1 |(1Fn)'/?

E 5= lemiexm/D (1 £)l2|

(20)

Here upper and lower signs correspond to E, and E,,
respectively, and

m = [|h]? + (AB;/2)%)}/? @1
B =(Bri + Byi)/2 (22)
AB; = Bri — By (23)
- 2B (24)

2m

It follows from (19) that the difference between propagation
constants of the eigenpolarization modes of real fiber is

AB=p

By substitution of (20) into (3)—(5) one can find Stokes
parameters of eigenpolarization modes of the real fiber

- By = 2m. (25)

S1e = Fn (26)
S9e =£(1 - n2)1/"'7 sing 1))
83 = F(1 — n?)Y2cos 0. (28)

The azimuth ¢, and ellipticity angle . of eigenpolarization
modes according to (8) and (9) are equal to

(1 — n2)1/2

1
Ve =3 arctg | — sin U]

1951
0 forEl
pd 2
{7r/2 for E, @
Ve = % arcsin [F(1 — n2)/2 cos o). (30)

Consequently, in order to find states of polarization of
eigenpolarization modes one needs to know n and . As one
can conclude from (18), and (21)—(24), parameters n and o
belong to an ideal fiber and therefore cannot be measured
directly. We show how the parameters n and o can be
determined from results of measurement of Stokes parameters
at the output of the real uniform PMF.

It is known [13] that in the case of fully polarized incident
light the normalized Stokes parameters at the fiber output are

?23 = -nA+(1-n%)'2B
0
-cos (ABz) + (1 — n®)Y2Csin (ABz) (31
iii; =(1-n%Y%4sino
+ (nBsino + C cos o) cos (ASz)
+ (nCsino — Bcoso)sin(ASz) (32)
g‘q’gz; ~(1-n*Y%Acoso
0
— (nBcoso — Csing)cos (Afz)
~ (nCcoso + Bsino)sin (AfSz) (33)
Here we denote:
5(0)
A=~ |w, 34
( 50(0)> G0
B=ReM (35
C=-ImM (36)
(%))
M= (u ' 5o(0) f) 37

where §( 0) is the Stokes vector of incident light, @, &, and ¥
are the unite mutually orthogonal vectors in Stokes space:

# = (n,—(1 — n%)"?sino,

(1 -n?)2cos o) (38)
@ ={(1-n%Y2 nsing, —ncoso) (39)
% =(0,cosa,sino), (40)
and
f _ fl,u |2 zw‘rp dw (41)

Jv(w

is the mutual correlation function of two eigenpolarization
modes, and (v(w) is an amplitude spectrum of incident light).
Here we suppose that the principal axes at fiber input and
output coincide.
According to (7) and (31)~(33) the degree of polarization
at fiber output is equal to

W2 dw

P = (A% + |M})V2, (42)
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The electric field in a real fiber can be expanded in terms
of its eigenstates of polarization as

E(Z) = (Llﬁle_iﬁlz + a2E26_iﬂ22, (43)
Then from (20) and (34)-(40) we can find
|a1|® = |az|?
=—— 4
a2+ [aa]? (44)
_ayaj +ajap
= ————lal|2 TTas? (45)
_,alag—a;azf (46)

==
la1f? + |az|?

We assume that a test real fiber is excited by the quasi-
monochromatic linearly polarized light, the angle between the
electric-field vector of which and the slow principal axis of
PMF is equal to ¢;, and amplitude spectrum v{w) has either
rectangular, Gaussian, or Lorentzian shape, which means that
the mutual correlation function between two eigenpolarization
modes is real function [10]. The expansion coefficients a; and
ay are determined by (11) and (12), and according to (10) we
have

P2 — cos? 2,12
[P

sin? 2¢;
or
1/2
sl(z>)2 (52(2) P(S@\ o,
[(50(2) \&m) T\sm) o
f=" .
sin 2¢;
: 47)
By substituting (11) and (12) to (44)—(46), we find
A = cos2¢p; (48)
B =sin2yp;f (49)
‘ C=0 (50)
and, respectively, from (31)-(33)
g(l)g; = —ncos2yp; + (1 - nz)l/2
- cos (ABz) f sin 2¢p; 51D
g—ig—; =(1 - n?)%sin o cos 2¢p;
+ [nsino cos (ABz)
— cos o sin (ABz)] f sin 2¢; (52)
S3(z) _ (1 _ 2\1/2 )
5o(2) - (1 = n?)"*cosocos2¢p;
— [ncosocos (ABz)
+ sin o sin (AB2)] f sin 2¢;. (53)

Parameter n can be directly determined from (51)

S](Z)

———% cos 2p;

So(2)

ne= - —
cos? 2p; + G2
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1/2
G[coq2 20 + G2 — (—25”2 )2]
B T So(z)

54
+ cos? 2¢; + G2 4
where
G = sin2p; cos (Afz)f. (55)
And finally, from (52) and (53) we obtain
Sa(2) S3(z)
So(2) So(z2)
coso = — E2 1 B2 (56)
Sa(z) _ Ss(z)
. Sol2) So(z)
sing = 1L P (57)
where
E =(1-n%"2cos2¢; + nG (58)
F = sin2¢p; sin (ABz)f. - (59)

Note that, for determination of the states of polarization
of eigenpolarization modes of fiber having length 2 > z,4.
an angle ; should not equal +45°, since in this case the
full depolarization of light ocurrs at the fiber output and
information about the state of polarization of eigenpolarization
modes will be lost.

B. Second Method

The first method of measurement of the states of polarization
is suitable for a fiber of arbitrary length. However, for uniform
PMF of sufficiently long length the eigenstates of polarization
of PMF can be determined more simply.

As one can conclude from results of the investigation of
degree of polarization, when light propagates along a fiber,
mutual coherency of eigenpolarization modes decreases, and
for fiber length longer than depolarization length these modes
become incoherent. Light at z > z4 is partially polarized
(except in the case of equal excitation of both eigenpolarization
modes), and the fully polarized component of light is one
eigenpolarization mode of given uniform fiber.

Indeed, at z > z4 the mutual correlation function f = 0:
consequently, according to (35)-(37) M = B = C = 0 and
taking into account (26)—-(28) and (42) we find

5.8 - _na=s,.p

60
So(z) >
gzgg -—(- n2)1/2 sincA = S5 P 61

Thus, to determine the states of polarization of eigenpolar-
ization modes in a uniform PMF at z > z4. we have to measure
Stokes parameters of output light of such fiber and, with the
help of (8) and (9), to find the azimuth and ellipicity angle of
polarization modes. For this the fiber may be excited by light
having an arbitrary amplitude spectrum and an arbitrary state
of polarization (except in the case of equal excitation of both
eigenpolarization modes).
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V1. EIGENSTATES OF POLARIZATION
OF RADIATION IN ELLIPTICAL FIBERS

Eigenstates of polarization of radiation in elliptical fibers
were investigated in the installation shown in Fig. 2. It has
been noted that an amplitude spectrum of incident light was
formed by monochromator and had nearly rectangular shape.
This allows us to determine the eigenstates of polarization
of the elliptical PMF at length z > 24 by the first method
described in the previous section. Coherence time of incident
light has remained a constant 6 ps at all wavelengths.

The same orientation of the principal axes at fiber input and
output was carried out in that way. First, for sufficiently long
fiber (z > z4) the slow and fast principal axes of the fiber
input were aligned to the OX and OY axes, respectively, of
the laboratory reference frame, as shown in Sec. IV. Then,
if this uniform fiber were excited by the linearly polarized
light with azimuth in the range 0 < ¢; < 45°, the totally
polarized component of outgoing radiation would be the slow
eigenpolarization mode. Consequently, to adjust the slow and
fast principal axes at the fiber output along OX and OY axes,
respectively, it was necessary to twist the output surface of
the PMF in the fiber cross-section plane to achieve such a
position of fiber output that Stokes parameters S; = 0 and
S1 = 0. As a result, the principal axes of the fiber at length
z > z4 coincided with the O.X and OY axes of the laboratory
reference time at the input and output of the fiber.

For determination of eigenstates of polarization of fibers
at length z < 24, first input and output principal axes of
sufficient long fiber were oriented the same way, and then
without changing the position of the output principal axes
necessary length of fiber was cut off on the fiber input end.
Finally, the input principal axes of short PMF were aligned
to the laboratory reference frame by minimizing the degree of
polarization of outgoing radiation at ; = 15°.

To verify proposed methods the azimuth . and ellipticity
angle v, of the eigenpolarization modes of the fiber 3 (z =
0.86 m) were measured at different azimuths of incident
linearly polarized light and at five different wavelengths A
(Fig. 9). The values of ¢, and 1. are determined by the first
method, where 5° < ¢; < 20°, and by the second method
where 25° < ¢; < 40°.

The presented data show that both methods give the same
values of ¢, and 1. at A = const. The Azimuth and the
ellipicity angle of the eigenpolarization mode do not change
when the azimuth of incident linearly polarized light changes
at each fixed value of A. This result confirms the correctness of
measurements and is evidence that the angles ¢, and ¢, shown
in Fig. 9 are really the parameters of the eigenpolarization
mode.

An ellipticity angle of the eigenpolarization mode of fiber
3 increases monotonically with wavelength so the azimuth is
the same for different wavelengths (within the experimental
error of (1.3°). Consequently, the orientation of the principal
axes of investigated fiber does not depend on wavelength,

Fig. 10 shows the spectral dependencies of ellipticity angle
. of the eigenpolarization states of fibers 1, 2, and 3. The
measurements are carried out at two lengths of each fiber, 100
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Fig. 9. Dependence of polarization states of eigenpolarization modes of
fibers 1, 2, and 3 on azimuth of incident linearly polarized light.

m and ~3 m. Three typical features of eigenpolarization modes
of the investigated PMF can be seen from the presented curves.

First, the eigenpolarization modes are elliptically polarized,
that is, they conformed to the results of investigation of degree
of polarization and are the consequence of the internal rotation
of the principal axes of these elliptical fibers.

Second, the uniformity of investigated fibers and regular
twist along them result in a constant ellipticity angle ., i.e.,
the eigenpolarization modes are the same at any cross-section
of fiber.

Third, the ellipticity angles of all three investigated PMF
increase monotonically with wavelength. The main reasons
are the circular birefringence caused by the spectrally indepen-
dent fiber twist [7] and the linear birefringence montonically
decreasing with wavelength in fibers with elliptical stress-
induced cladding [16].

The calculation of the ellipticity angle of investigated fibers
confirms these conclusions. It is known [8] that for uniform,
homogeneously twisted fibers with elliptical stress-induced
cladding, the difference between the propagation constants of
eigenpolarization modes is equal to

AB = 2[K? + (¢ — K)*)M? (63)

and the ratio of Cartesian components of eigenpolarization
modes is

(Ey)rz _ (e — Ki)
(Eora Ko £ [K2+ (g0~ K22

(64)

where k. = 1/2A0.,Af. is the difference between propa-
gation constants of eigenpolarization modes caused by only
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Fig. 10. Spectral dependencies of the ellipticity angle v of eigen
polarization modes of elliptical fibers 1, 2, and 3 of different length.

the nonsymmetric thermal stress created by stress-induced
cladding, ¢, is twist rate, k; = ad,a = 0.074.

The ellipticity angle of eigenpolarization modes of such
fiber can be found out from the expression {21}

21m [(gy)lz]
e = = arcsin __ UEha] (65)
' 2 14 [(Ey)l,z]
(Ez)l,Z
Then substitution of (64) into (65) gives
Pe = %grcsin &f&_ﬁ—@ (66)

The spectral dependencies of the difference between prop-
agation constants of eigenpolarization modes of fibers 1, 2,
and 3, which is obtained from elliptical fiber birefringence
measurements [16], are shown in Fig. 11. From these data and
results of twist rate measurements, presented in Fig. 8, we can
calculate the ellipticity angles of eigenpolarization modes of
investigated fibers 1, 2, and 3 at different wavelengths. The
results of calculations are shown in Fig. 10 by solid curves,
and we can see that the measured and calculated values of .

are in good agreement with each other in the whole spectral
range.

VII. CONCLUSIONS

Thus the polarization states of eigenpolarization modes of
elliptical fibers have been investigated in wide spectral range.
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X, pm

Fig. 11. Spectral dependencies of difference between propagation constants

of eigenpolarization modes of elliptical fibers 1, 2, and 3.

The investigation of dependencies of degree of polarization
at elliptical PMF output on wavelength and fiber length shows
that these fibers are uniform, regularly twisted fibers.

Two “methods have been proposed for measuring the
eigenstates of polarization in uniform polarization-maintaining
fibers.

The experimental investigation of eigenstates of polarization
of elliptical fibers has shown that modes of such PMF are ellip-
tically polarized. Ellipticity angles of eigenpolarization modes
increase monotonically with wavelength while the azimuths
of eigenpolarization modes do not depend on wavelength. The
measured and calculated values of the ellipticity angle are in
good agreement across the whole spectral range.
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