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Abstract–The polarization properties of single-mode optical fibers are

easily modified by environmental factors. While this can be exploited
in a number of fiber sensor devices, it can be troublesome in applications

where a stable output polarization-state is required. Fibers with both
low and high birefringence have been developed to enhance or diminish

their environmental sensitivity, and recent progress in each area is re-
viewed. Low-birefringence fibers are described which are made by
spinning the preform during the draw. In addition, developments in
high-birefringence fibers which maintain a polarization state over long

lengths are summarized. The effect on performance of external factors

such as bends, transverse pressure, and twists is analyzed. Consideration

is also given to polarization mode-dispersion as a potential limiting fac-

tor in ultrahigh bandwidth systems.

I. INTRODUCTION

sINGLE-MODE optical fibers are birefringent as a result of

an (often unintentional) lack of circular symmetry in the

core cross section. This and an associated stress anisotropy

allows the fiber to support two nearly degenerate orthogonally

polarized modes with a small phase-velocity difference. When

only one of the modes is excited, the state of polarization re-

mains constant along the length of the fiber, whereas if both are

present, the polarization state evolves cyclically as the modes

beat together in phase relationship. In a typical fiber the magni-

tude of this intrinsic birefringence is relatively small and it is

found that it can be severely modified by environmental factors

such as pressure, twists, and bends which, in a practical installa-

tion, vary in an unpredictable manner. The overall fiber bire-

fringence, and thus the output polarization state cannot be pre-

determined and, moreover, vary with time and temperature.

The unpredictability of the polarization state presents a prob-

lem in fiber interferometers where collinearity of the interfere

ing beams is required [1] - [4], in coupling to polarization-

sensitive integrated optics [5] and in phase-coherent detection

schemes for communications [6]. A well-established solution

is the “polarization-maintaining” fiber [ 7] in which the inter-

nal birefringence is increased to a level well above that likely

to be caused by environmental effects. The waveguide then

appears essentially length-invariant, since external perturba-

tions are swamped by the hQh level of internal birefringence.

Thus, a single linearly polarized mode can be selected and sus-

tained without coupling energy to its orthogonally polarized

partner.
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By contrast, in a polarimetric sensor the variation in the out-

put polarization state is exploited as a measure of the magni-

tude of an external effect. Thus, in the Faraday-effect current

monitor [8], [9], the magnetic field surrounding a conductor

causes a rotation of the plane of polarization in the fiber, while

in an acoustic or magnetic-field sensor, vibration or magneto-

striction of a former upon which the fiber is wound applies pres-

sure and induces linear birefringence [10]. In these cases

the internal fiber-birefringence can interfere with the induced

birefringence to reduce the sensitivity [8], [11], [12], and a

low-birefringence fiber is an advantage,

Several in-line fiber devices have been constructed [13] - [15]

which utilize the birefringence induced by controlled bends

and twists to provide the fiber analog of discrete birefringent

spectral-filters and compensators. Internal fiber birefringence

unpredictably modifies the required birefringence and, since it

is temperature sensitive, detracts from device stability. Again,

a low-birefringence fiber is required.

Birefringence also leads to a group-delay difference between

orthogonally polarized modes which may significantly reduce

the telecommunication bandwidth [16]. One solution is to

select only one mode and prevent energy transfer to the other

by using a high-birefringence polarization-maintaining fiber.

However, in the event of some power transfer occurring, the

pulse dispersion will be large. The alternative solution is to use

a Iow-birefringence fiber in which the group-velocity difference

is negligible. However this approach does not provide a de-

fined output polarization-state.

There is clearly a need for low and high-birefringence fibers

in sensor and communications technology and it is our purpose

to review progress in the development of both. We will be con-

cerned with more recent advances, since two comprehensive

reviews [17], [18] have adequately covered earlier work.

Emphasis is placed on low-birefringence fibers, low-loss high-

birefringence fibers and polarization mode-dispersion. In addi-

tion, an analysis is described which allows a comparison to be
made of the effects of twists and bends on various polarization-

maintaining fibers, which also has relevance to polarimetric

sensors. We start with a review of fiber polarization properties

and their response to external factors.

11, BIREFRINGENCE IN SINGLE-NIODE FIBERS

A. Linear Birefringence

“Single-mode” fibers with an asymmetric cross section prop-

agate two orthogonal linearly polarized modes with axes aligned
with those of fiber symmetry. These modes propagate un-

changed in the absence of length-dependent variations in the
fiber, with a difference tip (the birefringence) in their propaga-
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tion constants. The fiber polarization properties can then be

modeled [19] as a discrete linearly birefringent element whose

retardance R (z) is proportional to fiber length z

R(z) = 8~Z. (1)

Two commonly used parameters which are useful in describing

fibers with length-invariant properties are the normalized linear-

birefringence B and the mode beat-length LP at which the po-

larization state is periodically repeated

(2)

(3)

where h is the free-space wavelength of light and 6 n the differ-

ence in mode effective-indexes. In general, B comprises both

stress anisotropy B~ and a waveguide shape component BG.

whereas for a low-birefringence fiber an increase in LP is

desired, in a polarization-maintaining fiber we wish to decrease

the value of LP (i.e., increase the birefringence) in order to re-

duce the likelihood of power transfer from the required to the

unwanted mode. It is well known from coupled-mode theory

that maximum power transfer between modes occurs when the

period of external perturbations matches that of the beat-length

[20]. The natural stiffness of the fiber resists perturbations

with periods less than about 1 mm and consequently, this sets

a target for LP. We will show, however, using uniform mode-

coupling, that power transfer to the unwanted mode also occurs

for perturbation periods which are multiples of LP (Section V).

B. Circular Birefiingence

Although it is possible to conceive externally applied stress

whose direction varies azimuthally along the fiber length, the

most common cause of circular birefringence is fiber twist

[21 ], [22]. Twist introduces a torsional stress, which by the

photoelastic effect, leads to an optical-activity in proportion

to the twist. For a uniform twist rate ~ and in the absence of

linear birefringence, the fiber can be modeled as a discrete

polarization rotation element with rotation $2(z) which in-

creases linearly with fiber length

$2(Z) =g’gz = (IZ (4)

where g’= 0.073 for silica [22], [23] and a is the optical rota-

tion/unit length. The two normal modes are now left and

right circularly polarized with difference in propagation con-

stants 8~~i~~= 2g’&.

C. Linear and Circular Birefnngence

If constant linear and circular birefringence are simultaneously

present (e.g., in a uniformly twisted elliptical-core fiber), the

two fiber modes are elliptically polarized in a coordinate system

which rotates with the twist [22], [24]. In a ftied coordinate

system it is possible to represent the fiber polarization properties

as a combination of a discrete rotator and retarder element

[23], [24]. However, the values of these two elements are

now interdependent and are not simply additive; moreover,

they vary cyclically as we progress down the fiber length. In

this case a Poincar6 sphere representation of the polarization

evolution with length is helpful [22], although in order to

specify the fiber primary properties we shall use B and its

circular equivalent BCirC= Ag’&/~.

D. Sources of Mode Coupling

Energy transfer between modes in a birefringent fiber is

caused primarily by external perturbations which introduce a

birefringence whose axes do not coincide with those of the

fiber. Thus, index profile, numerical aperture, and diameter

variations do not cause significant mode-coupling, provided

the fiber axes of symmetry remain unchanged. On the other

hand, bends, transverse pressure, and twists introduce linear

and circular birefringence.

1) Bends: Bending a fiber results in a stress-induced linear-

birefringence with a fast axis in the plane of the bend [14],

[25]. For silica 813Bis given by

“B=%32=-Y%)2rads’m(5)

where E = 7.75 X 109 kg/m2 is Young’s modulus, C(O.633

pm) ~ - 3.5X 10-11 m2/kg is the stress-optical coefficient, and

r and R are the radii of the fiber and bend, respectively. C

varies slightly with wavelength. A bend causes maximum dis-

turbance to the fiber birefringence, and thus, greatest mode-

coupling, when the plane of the bend is at 45° to the fiber

birefringent axes.

2) Pressure: Transversely applied pressure similarly induces

a linear-birefringence 613P with fast axis in the direction of

applied compression [26], [27]. For silica

()cl. ()-2.8 X 10-10 f
U3P=8; r – ~ ; rads/m (6)

where f is the applied force/unit fiber length in kg/m. Again

pressure is most effective when applied at 45° to the fiber

birefringent axes.

3) Twists: Twist introduces a polarization rotation as given

in (4) above. In a linearly birefringent fiber, an apparent optical

rotation component also exists which is unrelated to the photo-

elastic effect, and is due to the precession of the fiber bire-

fringent axes. Small twists of the fiber axes of symmetry com-

monly occur during the drawing process and as a result, the

fiber efiibits an apparent permanent optical-activity [ 19],

[28] .

4) Magnetic Fields: When a longitudinal magnetic field H

is applied to the fiber, the Faraday effect rotates the plane of

polarization through an angle ~F /unit length given by

&!F = VOH rads/m (7)

where V. ~ 4.5 X 10-6 rads/A is the Verdet constant for

silica [8]. For unidirectional propagation, Faraday rotation
produces an effect similar to that caused by torsion.

.5) Temperature: Differential thermal-expansion between a

fiber and its support structure (for example, a spool), results in
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transverse forces and is often the main cause of time variation

in the output polarization-state. In addition, the fiber internal

birefringence is temperature sensitive [29] owing to 1) the

temperature dependence of the stress-optic coefficient and 2)

the differential thermal-expansion between core and cladding.

Results obtained in our laboratory on strain-induced high-

bire kingence fibers [the fiber of Fig. 2(b)] gave a variation of

B or ~ 0.1 percent/°C. Changes in internal fiber birefringence

due to temperature do not cause mode coupling, since the axes

of fiber symmetry remain unchanged; nevertheless, if both

modes carry power, their phase-relationship, and hence the

output polarization-state can vary considerably.

The interaction of the above external effects with the inter-

nal fiber birefringence and the consequences for polarization-

rnaintaining fibers will be treated in a subsequent section,

E. Random Mode-Coupling

In the presence of random combinations of twists, bends,

and applied pressure, the fiber can still be modeled as a com-

bination of a discrete retarder and rotator, but with values

having little relation to an intrinsic fiber property, since they

depend on the external perturbations and vary randomly for
different fiber lengths. Note, however, that it is always pos-

sible to find principal axes for which linearly polarized light

will emerge linearly polarized (although usually rotated) from

the fiber, and eigenstates of polarization which traverse the

fiber unchanged [22]. These too will differ for each fiber

length and are also likely to drift with time as the external

perturbations change.

III. LOW-BIREFRINGENCE FIBERS

A. Conventional Approach

Early attempts at making low-birefringence fibers [30],[31 ]

were aimed at reducing 1) the waveguide shape birefringence

BG by maintaining a highly circular core and 2) the elastooptic

anisc)tropy Bs by decreasing the residual core stress. These

objectives were achieved by careful attention to fabrication

techniques.
The calculated contribution BG due to core ellipticity alone

is plotted in Fig. 1 for operation at the higher mode cutoff

(normalized frequency V= 2.4 for near-circular step-index

fibers). It can be seen for values of (a/b - 1)< 0.2 (a and b

are the core semimajor and semiminor axes), the curve is linear

[32], since BG is proportional to (Arz)2 . (a/b - 1). Here An

is the index-difference between core and cladding. Thus by

keeping An low and attaining a circularity better than 0.1 per-

cent it was possible to manufacture a fiber (GS’B2 in Fig. 1)

with a beat length LP = 140 m at X = 0.633 urn [31]. The

cross section of this fiber is shown in Fig. 2(a).

Experience with a number of similar fibers gave low but vari-

able birefringence results, as illustrated in the upper section of

Fig. 3, and this was attributed to the inability to control the

internal stress anisotropy Bs. The residual stress results from

differential thermal contraction between core, cladding, and

substrate materials on cooling to room temperature, and can

be relatively large. Thus, a small asymmetry in the fiber cross
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Fig. 1. Normalized fiber shape-birefringence plotted asa function of core
ellipticity (a/b - 1), assuming operation at the higher mode cutoff.
Dots give experimental results for low- and high-b~efringence fibers
with appropriate reference. VD299 is a shape and stress-birefringent
fiber whose cross section is shown in Fig. 2(b). For comparison, a
stress-birefringent fiber [47] is marked, with cross section given in
Fig. 2(c). Also marked (open square) is the theoretical prediction
[18] for side-pit fibers having (a/b - 1)= 2.33.

section produces a large stress imbalance and leads to substantial

anisotropy in the core material. This conclusion was empha-

sized by fibers which exhibited considerably lower birefringence

than allowed by their waveguide component BG, calculated

from the measured core ellipticity. Normally, BG and Bs act

in unison, provided the expansion coefficient of the core ex-

ceeds that of the cladding. If in the three-layer structure used

for these fibers the core expansion-coefficient is substantially

less than that of the B203 -doped cladding, it is possible for

Bs to oppose BG. Evidence that this occurred in some fibers

was provided by gently heating the fibers to reduce the internal

stress, when it was observed that the birefringence increased.

This leads us to speculate that a fiber could be designed with

Bs - BG = O, which would be insensitive to a prodtiction

spread in ellipticity, since both Bs and BG are approximately

proportional to ellipticity.

B. Spun Fibers

When a linearly birefringent fiber is twisted [21], [22], at a

rate & rads/m, the azimuth of the fiber elliptic cross section

and hence the local principal-axes precess. The fiber can be

considered as composed of individual local sections having a

length of a quarter twist-period and linear-birefringence which

alternates in sign. Thus, although each local section may have

a relatively high linear-birefringence, its effect is compensated
by the next rotated section. The outcome is to produce a net

retardance R(z) which oscillates between a small positive and

negative value along the fiber length. Thus, twist can be used
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(a)

Here 8/3 is the linear birefringence of the untwisted fiber and

comprises both shape and stress anisotropy.

If instead of twisting the fiber, we spin the preform during

drawing [23], [34], [35], no circular birefringence will be

present (a= O) because the fiber is in a viscous state at the high

fiber-forming temperature and cannot support significant shear

stress. If the spin rate $>> tip then the magnitude of the re-

tardance oscillations become negligibly small, i.e.,

R(z) = ~ sin $2 (12)

(c)

Fig. 2. Cross sections of low and high-birefringence fibers. (a) Low-
birefringence fiber GSB2 [31] has a Ge02/Si02 core, B203/Si02
cladding, and silica substrate. (b) High-birefringence fiber VD299
has stress and shape birefringence, gi%g -Lp (0~633 pm) = 2 mm.
Core is Ge02/Si02 with a/b = 2.2, An = 0.035, cladding is B203/
Si02, substrate is silica. (c) High-btiefringence fiber with large stress-
anisotropy and circular core [47]. Core is Ge02/Si02, cladding is
Ge02/B203/Si02 within silica substrate. Core is optically buffered
frc~m cladding by a thin silica layer to give low loss.

to reduce the fiber linear birefringence [33], although it simul-

taneously introduces an elastooptic rotation a as in (4). The

interaction between the local linear and circular birefringence

leads to net values of the retardance R (z) and rotation Q(z)

given by [23]

R (z) = 2 sin-l
[

1 1(~+q2)l/2 sin7z

[

Q(z) = .$2+ tan-l - 1(1+ :’)’/’ ‘an 72

where

(8)

(9)
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Fig. 3. Results obtained for a series of low-birefringence fibers. Upper
section is for conventional low-birefringence fibers of the type illus-
trated in Fig. 2(a). The lower section is for fibers of a similar design and
demonstrates the large improvements obtained by preform spinning.
In some casesresults are given for unspun (solid bars) and spun (hatched
bars) sections of the same fiber.

(lo)

‘Y= +(6-P2 +4($ - ct)z)liz. (11)

and the rotation !2 (z) ~ O. The internal shape and stress bire-

fringences BG and B~ are reduced by the ratio of the spin pitch

P = 21r/~ to the unspun mode beat-length LP = 2rr/6fl. For

small ratios the fiber appears virtually isotropic. Thus, pro-

vided P<< LP, any fiber, even a high-birefringence fiber, can

be transformed into a low-birefringence fiber by preform spin-

ning. This was demonstrated by spinning a fiber having a

highly elliptical cladding (a/b - 1 = 1.5), circular substrate, and

LP (0.633 pm)= 19 mm. The spiraling cladding with a spin

pitch P = 1.2 mm can be clearly seen in Fig. 4. The resulting

fiber had P/LP = 0.06 and, as predicted by (12), exhibited a

negligibly small linear and circular birefringence.

Further measurements which compare the birefringence in

unspun and spun sections of fiber from a number of preforms

are given in Fig. 3 and illustrate the large reductions routinely

obtainable. At least an order of magnitude improvement is

normally observed, bringing the residual birefringence close to

the limits of measurement (-1 “/m). Residual optical rotation
is also found to be <1 “/m.

It might be thought that the high-temperature spinning pro-

cess helps to circularize the fiber geometry and so reduces the

birefringence. However, the fiber still possessesa similar local

birefringence to that in the unspun fiber, ascan be demonstrated
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Fig. 5. Retardance in a fiber spun at a nominal P = 5 cm when untwisted

Fig. 4. Transverse view of high-birefringence fiber with elliptical cladding
after drawing. Solid line is the theoretical prediction according to (8)

(upper) and after.spirining (lower).
and is fitted to the data. Points are experimental values. Note the
abscissa has a scale change.

by twisting the fiber in a direction to unwind the frozen-in

twist. The linear birefringence should reappear, together with

an optical rotation due to the untwisting. The results of such an

experiment are shown in Fig. 5. A spun fiber with P = 5 ~m

which initially exhibited negli~ble retardance or rotation Was

untwisted and the measured linear-component of birefringence

compared with calculation according to(8). At the point when

the fiber was completely untwisted [i.e, when the reverse twist

was & = 2rr/P(l - g’) in (8)] , a linear birefringence ti~ = 14.4°/

[m]l reappeared, which is similar to the value 8/3= 320/m mea-

sured in an unspun section 100 m down the fiber. We can

conclude, therefore, that the spinning process leaves the local

internal birefringence virtually unaltered.

Routine production of low-birefringence fibers from virtually

any preform is now possible using the spinning technique. It

is an advantage’, however, to use a preform capable of giving

fibers with LP >1 m, so that P ~ 10 cm is required. No loss

increase has been found at this spin pitch and the preform

rOtZltiOII rate (-600 r/rein at a pulling speed of 1 m/s) is easily

manageable.

IV. HIGH-BIREFRINGENCE FIBERS

The quest for low-loss polariz~tion-maintaining fibers with

-Lp .<1 mm has centered on 1] the use of highly elliptical cores

to increase BG [7] and 2) increasing the stress-induced aniso-

trop y BS [36] . More recently, a fiber with an axially nonsym-

metric refractive-index distribution has been proposed [37] in

which one of the linearly polarized modes is cut off while the

other propagates. Although the structure is truly “single polar-

ization,” such. behavior exists over a narrow wavelength range

and the orthogonally polarized guided-mode is weakly bound,

being itself close to cutoff. These problems could be obviated

if it becomes possible to use higher values of relative index-

difference A without incurring a loss penalty. However, the

structure can also be used as a means of increasing 86 when

both modes are propagating.

A. Shape-Bireftingent Fibers

Returning to Fig. 2, we see that for values of (a/b - 1)> 1

the curve departs considerably from linearity and BG is pro-

portional to (An)z, but no longer to (a/b - 1), as was the case

for small ellipticity. The curve is plotted using the results cal-

culated in [38] and assumes operation at the higher mode cut-

off, values for which are giveri in [39]. Note that the curve

has an optimum (a/b - 1) -5 which maximizes l?G/(An)2, al-

though little is to be gained by using a/b >3. However, an

increase in An is always advantageous, and, recognizing this,

Dyott [38] has reported on a fiber consisting of a small Ge02 /

Si02 core having An = 0.065 and a/b q 2.5 within a silica Wb-

strate. The fiber is marked on Fig. 1 and had LP (0.633 urn) =

0.75 mm, which is close to the predicted value. An attempt

in our laboratory to exploit both stress and shape birefringence

by using an elliptical Ge02 /Si02 core and B203 /Si02 cladding

within a silica substrate produced a fiber (VD 299) with An =
0.35, a/b = 2.2, and LP (0.633 pm)= 2 mm. This fiber has BG/

(An)z = 0.25, which is above the curve in Fig. 1, indicating

that stress contributed about 15 percent to the measured bire-

fringence. The cross section of the fiber is shown in Fig. 2(b).

The refractive-index profile in the core of the preform from

which a typical shape-birefringent fiber is drawn is shown in

Fig. 6. The profile was measured by the spatial-filtering method

[40] and uses a tomographic reconstruction technique [41 ].

This figure illustrates the high core ellipticity required in fibers

of this type.

B. Side-Pit Fibers

The calculated value of BG /(An)2 is marked on Fig. 1 for side-

pit fibers with (a/b - 1)= 2.3, and is approximately the same

for the three values of pit depression given in [18]. Again we

assume that the guide is operating at higher mode cutoff. Here

we have taken An as the difference between the index level

of the pit and that at the core center so as to provide a compari-

son with a conventional elliptical-core fiber with similar clad-
ding depression. It can be seen that the side-pit fiber has BG/

(An)z -0.5, i.e., about twice the birefringence of an equivalent

elliptical-core fiber. Attempts to fabricate the structure [42]

gave B = 5 X 10-s, (LP(l.15 #m)= 23 mm), although it was

acknowledged [43] that the fiber was dominated by stress bire-

fringence. This discovery led to an interesting new stress-

producing structure [43] which has given B = 8.5 X 10-5,

(LP(l.15 Mm)= 13.5 mm), and a loss of 0.62 dB/km at

1.52 flm.

C. Fibers with Stress-Induced Anisotropy

The most successful approach to the fabrication of high-

birefringence fibers has been to use the differential thermal

expansion coefficients of the doped core/cladding structure

relative to the silica substrate to increase the internal tensile

stress to a value close to the elastic limit of the materials [44] .
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Fig. 6. Index profiie [40], [41] of typical shape-birefringence preform
showing high ellipticity.

In a simple analysis of a three-layer composite slab in which a

thin core/cladding structure is sandwiched between thick silica

subs trate layers [45], the stress birefringence Bs is given by

Bs = -EC(CS1 - a2)(7’1 - T“). (13)

Here al and CS2are the expansion coefficients of the core/

cladding structure and substrate, respectively, and T1 and To are

the core/cladding fictive temperature and room temperature.

Note that in (13) we have used TI for the core material

and not for the substrate. Althoug@ the substrate usually

sets at several hundred “C higher than the core, in the tempera-

ture interv~ between their respective setting points the core is

liquid and experienc’es’only hydrostatic pressure as it contracts

with.in the solid substrate. Thus, the c&e cannot support aniso-

tropic stresses until it in turn sets.” Therefore, it is thought that

viscoelastic stresses do not play a significant part in fiber bire-

fringence, although they contribute Substaritially to over#

fiber stresses [46].
,,

,’
The present state of the art in low-loss stress-birefringent

fibers can be seen in a report by Katsuyama et il. [47]. The

fibe:r [cross section shown in Fig. 2(c)] has an elliptical, ‘highly

doped stress-producing structure, within which is a circular,

lightly doped core. The core is optically buffered from the

elliptical cladding by an undoped silica anmdus. The !.iber had

(LP(0.633 #m)= 2 mm) and a loss of 0.8 dB/km’ at 1,55 wm.

More recently a fiber with the same loss and (LP(!3.633 pm) =

0.87 mm) has been obtained [48]. These fibers are reported to

have a polarization extinction ratio of >30 dB” jn a 500 m

length [4’7] wound on a 30 cm drum. The fiber is marked

on Fig. 1 to demonstrate how the constraints of shape bire-

fringence can be circumvented by the use of stress.

In Table 1. a comparison is made between polarization-

maintaining fibers using either shape or stress birefringence,

these being the most common approaches. Shape-birefringent

fibers have yet to demonstrate low loss, although this is not

thought to be an inherent limitation caused’ by the high values

of A required, as demonstrated by reports of low-loss multi-

mode fibers with A = 2.4 percent [49].

Since stress-birefringent fibers are now operating close to the

fracture point of the materials, it would appear that a further

increase in birefringence can only be obtained by resorting to

combinations of stress and shape birefringence, or the develop-

ment of new waveguiding structures. For example, multimode

strpss-birefringent fibers have recently been reported [50].

D. Circularly Birefringent Fibers

As we have seen (Section III-B), twisting results in a reduction

in the net linear-birefringence of a fiber. If a linearly birefrin-

gent fiber is highly twisted such that (~ - cr) >> tip, the internal

birefringence 6(3 can be ~most completely elirninat?d in much

the same way as in a spun fiber. However, in contrast with a

spun fiber, a twisted ‘fiber retains a relatively large toriion-

induced circular birefringencp, given from (9) by

f’l(z)=az (14)

which is identical to (4). Thus, provided that the twist is suf-
ficiently large, the fiber internal linear-birefringence can be

completely substituted by circvlar’ birefringence. The ellip -

tically polarized modes of the slightly twisted fiber (Section

II-C) “become circularly polarized for (t - a)>> 6/3 and have a

difference in propagation constants ~~circ = 2g’$. By contrast,

the spun fiber has circularly polarized modes which are nearly

degenerate.

A highly twisted fiber maintains circular polarization in the

same way that a linearly birefringent fiber preserves linear polari-

zation [22]; a circularly polarized input state will not couple

to its opposite-handed counterpart provided ~~circ can be made

large compared to the birefringence ‘induced by external per-

turbations. This fact forms the basis of a propos~ [51] to

employ highly twisted fibers in’s circular-polarization maintain-

ing fiber-cable design. The particular advantage of the approach

is that angular orientation of the fibers at joints is not required,

wheieas in linearly “birefringerit fibers, failure to align “the bire-

fiingent axes of the fibers causes excitation ~f the unwanted

mode. It has ‘been calculated [52] that an rms misalignment

of less than 3.6° must be achieved wheti joining 25 sections of

linear polarization-maintaining fiber in order’ to k,eep the un-

wanted mode power below 10 percent.

A practical maximum twist-rate for a cabled fiber is about

50 twists/m.” From (4) ‘we have a normalized circular-birefrin-

genceBCifC(1.3~m) = 9.5 X 10-6 and therefore a mode beat-

length .LP = 13.7 cm is achievable.

V. PERFORMANCE OF POLARIZATION-MAINTAINING

FIBERS

The ability of a high-birefringence fiber to sustain a polari-

zation state depends on the magnitude and spatial period of the

birefringence induped by external factors. In any real installa-

tion, bends, transverse pressure, and twists will be ran’dom in

nature and an analysis crf their effect therefore depends upon

a statistical knowledge of the perturbation distributi~ns likely

to be met in a given cable design [17]. Such information is

not easily obtainable and, moreover, the analysis is tedious.

We can, however, calculate the effect of single bends and twists

to provide a comparison between the polarization-holding per-

formance of various high-birefringence fibers.’ The results

provide an indication of the criteria to be met when designing

a protective cable structure.

When a linearly or circularly birefringent fiber is subjected to
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TABLE I
COMPARISONOFSmess AND SHAPE-BIREFRINGENTPOLARIZATION-MAINTAINING FIBERS

Attenuation

Core geometry

Effect of temperature on
birefrmgence

Polarisation mode-dispersion

Reduction of birefrmgence
with age

Stress-Bire fringent F’ibres I Shape-birefringent f ibres

Low (O. 8dB/km ~ 1. 55vm [47] ) I High at present (. 40dB/km)

I
Circular [361, f433, C 473 or Highly elliptical and small [38] .
elliptical I 7 I With dimensions TyPlcally 3vm x lym for A = lpm
similar to conventional flbres. Qperatlon

High [29] I Low

I
High (up to 2ns/km) ICan possibly be equalised [38]

Some reported f36]
None observed [48] I Not expected

a bend or twist, coupling is produced between the normal modes

of the unperturbed fiber and results in power interchange. The

energy periodically found in the unwanted mode can be calcu-

lated by coupled mode theory; alternatively, we can gain some

insight into the problem by regarding it in terms of interspersed

retarder and rotator birefringent-elements at a suitable orienta-

tion to one another to account for the direction of the applied

perturbation [24], [53]. Thus, a linear-polarization main-

taining fiber subject to a bend (or transverse pressure) can be

modeled as a series of retarder plates representing the fiber,

interspersed with further retarder plates representing the bend

birefringence. The latter have axes orientated within the plane

of the bend. Similarly, a linear-polarization maintaining fiber

subject to twist is modeled as a series of processing retarder-
plates interleaved with rotator elements representing the twist,

while a circular-polarization maintaining fiber subject to a

bend is a series of rotators alternating with retarders at the

fixed orientation of the bend. In all three cases we follow the

procedure outlined in [53] to calculate the extinction ratio

e(z), the’ ratio of power in the unwanted mode to that in the

desired mode,

q ~sinz ‘YiZ
e(z) =

1 + q;cosz l’jz
(15)

where qj, ~i refer to the above three cases.

A. Linear-Polarization Maintaining Fiber with Bend

A linearly birefringent fiber with birefringence 8/3 subject to

a bend (or transverse pressure) having birefringence 6BB in

a plane orientated at angle 0 to the fiber principal axes has q

and ‘Yin (15) given by

The extinction ratio e(z) oscillates along the length of the bent

fiber and positions can be found at which all power has returned

to the original polarized mode (i.e., e(z) = O). These points

occur for small 6PB at z ~ 2fifV/ti/3 = AZP, where iV is an in-

teger. Thus, testing a fiber for polarization-holding ability by

wrapping it around a mandril, as is frequently done, can lead to

optimistic results, since e(z) depends on both the orientation

0 of the bend and its length. It is possible for several meters of

fiber to be tightly coiled and exhibit excellent polarization-

holding ability if 1) the plane of the bend is parallel to one of

the fiber principal axes (0 = O, 7r/2) or 2) the wrapped length is

a multiple of LP.

The poorest extinction ratio Cmk = q2 occurs for small 8P at

z ~ (1 + 2N) n/8/3, i.e., periodically at intervals of LP which

alternate with the points of high extinction ratio. The maxi-

mum power transfer occurs when the period of the perturba-

tion, in this case a bend, is equal to a multiple of LP, a crite-

rion which corresponds to the well-known couple&mode theory

condition for maximum coupling.

Gmti is plotted in Fig. 7 using (1 5), (lL6) for a 125 Mm diam-

eter fiber having LP (1.3 Urn): ‘2, 10, and 30 mm as a function

of bend radius, with the bend applied at, 6 = 45°. We see that

even for the LP = 2 mm fiber, a bend of’ 5 mm radius degrades

the extinction ratio to- 30 dB. The length ,of the bend need

only be Lp/2 = 1 mm.

B. Linear-Polarization Maintaining Fiber with Twist

For a ljnearly birefringent fiber having birefringence 66 sub-

ject to a small twist of& rads/m, q and‘Yin(15) are given by

Note that this is the same case as treated in Section III-B and

yields identical values for q and ‘Y.

e(z) is again oscillatory with length and emk occurs at mul-

tiples of LP. Fig. 7 shows ernti as a function of twist for fibers

having LP(l.3 pm)= 2, 10,,30 mm and we see that for a fiber
with LP = 2 mm, a twist of 8 turns/m is sufficient to degrade

the extinction ratio to -31 dB.

C. Circular-Polarization Maintaining Fiber

A fiber deliberately twisted at a rate t rads/m to induce high

circular-birefringence when subject to a bend having birefrin-

gence ti~B gives

(18)

In this case the fiber is particularly sensitive to bends, since
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[ L~=2mm/ W! 3%’’’”

-m [ ‘///
A. Linearly Bireftingent Fibers

If both orthogonally polarized modes are excited, the presence

:~wY/
in the fiber of shape and stress birefringence BG and BS leads

to a group-delay difference Ar given by the derivative of the

birefringence 8P with respect to k, the free-space wave number:

OR
Tw!st rate (turns/m)

Minimum extinction ratio ~min for linear-polarization maintain-......
fig fibers subject to bends or twists, shown for various values of LP
(1.3 pm). Fibers are 125 pm in diameter.

for a 125 Urn fiber twisted at 50 turnslm, a bend of only 45

mm radius degrades ~min to -31 dB (~= 1.3 w).

It is clear that under certain conditions relatively gentle bends

and twists can significantly affect the extinction ratio, even in

fibers with small values of LP. Thus, if high extinction ratios

are to be maintained in long lengths then some care in fiber pack-

aging will be needed to avoid, in particular, quite minor micro-

bends. From the examples given above it would appear neces-

sary to avoid microbends with a radius of less than -5 mm for

a linear-polarization maintaining fiber and less than 45 mm for

a circular-polarization maintaining fiber. Further informaticm

on the statistics of cabled fiber perturbations is required before

realistic estimates of polarization performance can be made.

It may be that when long lengths are involved, active stabiliza-

tion of the fiber output polarization [54], [55] is a preferable

solution.

We note in passing that (15)-(18) can be used to show how

internal fiber birefringence limits the sensitivityy of polarimetric

sensors which rely on externally induced birefringence. Take,

for example, a magnetic-field detector [8], [11] in which the

Faraday effect produces a rotation ~= per unit length. The

magnetic field can be measured by observing the power trans-

ferred into the mode orthogonal to that excited, by means of

an analyzer at the fiber output. Since we are interested in

unidirectional propagation, Faraday rotation is indistinguish-

able from elastooptic rotation and the term $(1 - g’) can be

replaced in (17) by ~F. Then for small ~F, the maximum

power which can be detected in the orthogonal mode occu:rs

for a fiber length of LP/2 and is ~min = 4c@/5(12. Thus, the

longest usable fiber interaction length is limited to LP/2, mak-

ing a low-birefringence tiber attractive for applications which

require several meters of fiber to surround a current-carrying

conductor [8], [9]. Furthermore, the sensor calibration is

dependent on 66, which is temperature sensitive in all but ~ery

low birefringence and spun fibers.

VI. POLARIZATION MODE-DISPERSION

By balancing waveguide and material dispersion, single-mode

fibers can be designed with small total chromatic dispersion

over the full wavelength region 1.3- 1.7 #m [56] - [58], leaving

only polarization mode-dispersion as a potential bandwidth-

Iimiting factor [16], [59]. We consider here the source and

magnitude of the effect.’

AT .~d(tifl) L d
—= ;Z [k(BG +B~)]

C dk

[
=~ BG+k

c %B4+%%)I(19)

where L is the fiber length, c is the velocity of light, and C is

the stress-optical coefficient. The dispersion in the latter [60]

[i.e., the final term in (19)] contributes about 5 percent to the

dispersion due to BS and is usually neglected.

A polarization-dispersion cu~e (Fig. 8) calculated as a func-

tion of V from (19) for a typical telecommunications fiber

illustrates the relative contributions of shape and stres$ bire-

fringence. We have taken B~ = 7.7X 10-7 and calculated the

waveguide shape component (BG + k d15’G/dk) using the well

established polarization-dispersion formula for step-index

elliptical fibers [32] with A = 0.5 percent and an ellipticity

(1 - ajb) = 4 percent. The values of B~ and ellipticity were

chosen to fit data (dots) obtained in an experiment, and will

be described in a subsequent section. From Fig. 8 we see that

near the higher mode cutoff (V= 2.4) the waveguide shape

dispersion is small and vanishes at V= 2.47, leaving only the

stress component LBsIc.
Since operation at V-values close to 2.4 is usual in fibers

designed for the 1.3 Vm wavelength region, the waveguide

polarization-dispersion component is normally negligible. This

may not be the case in fibers for the 1.5 ~~mregion [16], [59],

where lower V-values are necessary to obtain zero total chro-

matic dispersion [56]. Nevertheless, for most types of fiber’ and

for stress-birefringent polarization-maintaining fibers stress is

the dominant factor and AT H LBs/c. In the latter fibers rela-

tively large Ar can arise from their high birefringence if energy

transfers to the unwanted mode. For example, in a fiber with

LP(l.3 Mm)= 2 mm we calculate Ar = 2.2 ns/km. A measure-

ment at 815 nm on 1.87 km of high-birefringence fiber gave

only ‘O. 1 ns/km [61], although it is probable that LP in this

fiber was much larger than the 2 mm of otk example. Neverthe-

less, the measurement shows that the bandwidth in high-

birefringence fibers can be severely limited if the unwanted

mode is excited by bends, twists, and joints [52].
Owing to its small value, Ar is difficult to measure directly

in the time domain, except in high-birefringence fibers. We

can, however, resort to a measurement of 86 as a function of

wavelength, and obtain AT from the derivative, according to

(19). Using this method [62], the individual contributions of

shape and stress birefringence have been estimated and a value

for Bs which corresponds to AT= 50 p@rII found in a fiber

with an ellipticit y of 0.35. However, for long fiber lengths in

which random mode-coupling dominates, some difficulty is

experienced, as indicated in [63]. Tlie reason is that (19)

requires the variation with wavelength of the normal modes

of the fiber to determine Ar, and these can only be defined
on a local scale in a fiber with random mode-coupling. Mea-

surements of the output polarization state do not define nor-
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Normalised Frequency V

Fig. 8. Calculated polarization mode-dispersion in a fiber with B~ =
7.7 X 10-7, ellipticity (1 - a/b) = 4 percent, A = 0.5 percent, showing
relative contributions of stress and shape birefringence. Dots are ex-
perimental points calculated using the results of Fig. 9.

mal modes, except in fibers with length-invariant properties.

Measurements of AT have also been made by methods which

observe the coherence between the two modes of the fiber,

either as a function of source spectral-width [64] , or by com-

pensating the delay difference between the modes within the

two arms of an interferometer [65], [66]. The measurements

reported in [63] and [65] were made on long lengths of tele-

communications-grade fibers and less than 1 ps/km was found.

Both measurements indicate that mode coupling had occurred.

By contrast, the value for Ar determined in [66] for a 1.02

km fiber with high stress-anisotropy was 188 ps/km.

B. Twisted and Spun Fibers

A twisted or spun linearly birefringent fiber can be regarded

as a waveguide in which the two linearly polarized modes of

the untwisted fiber are uniformly coupled and thus exchange

power along the length. However, in the case of random modle-

coupling, only local normal-modes can be defined, whereas

when uniform mode-coupling is present, we can redefine our

system of coordinates to one in which the modes are length

invariant. They are thus the normal modes of the fiber [22],

[24]. For a twisted fiber the required coordinate axes rotate

with the twist. Since we now have well-defined normal modes,

we have no difficulty in calculating the polarization mode-

dispersion in terms of 27, the difference in propagation con-

stant between them,

(20)

where ‘1’was first introduced in Section III and is given by (1 1).

We now see that 27 is simply the difference in propagation

constant between the normal modes of the perturbed fiber,

which in the case of a twisted fiber are elliptically polarized.

From (11) and (20)

(ArO 2L em d(C/n)—— —— —
‘7=(1 +;2)’12 q c C dk )

(21)

where q is given in (1 O). Again we have included the disper-

sion of the stress-optic coefficient C. A~o is the dispersion

of the fiber without twist and is given by (19). For a spun

fiber a = O, and, if the spin rate is high, i.e., $>> 8(3, (21)

reduces to [23]

Ar=~Aro. (22)

Thus, spinning the preform to produce a low-birefringence fiber

has the considerable additional advantage that the polariza-
tion mode-dispersion is reduced in inverse proportion to the spin

rate and can be made negligibly smjall. Spin rates of up to 2000

r/rein have been achieved [34], which at a pulling speed of 1

m/s gives a spin pitch of P = 3 cm. Taking the criterion that

we require LP >50 m for ultrahigh bandwidth transmission sys-

tems [16], we see from (22) that this can be achieved provided

the fiber has an unspun LP >0,9 m. The latter figure can be

met without particular care in manufacturing.

Experimental confirmation of the considerable reduction

in polarization mode-dispersion obtainable by fiber spinning
is given in Fig. 9. Here the variation of birefringence with

wavelength, measured using two polarizers and a Soleil com-

pensator, is plotted for both a spun ,and unspun section of the

same fiber. Since we require the wavelength variation of the

normal modes to calculate Ar according to (19) and (2 1), linear

birefringence was measured in the unspun fiber and circular in

the spun section, although in the latter fiber negligible linear or

circular birefringence was found.

From the curve of Fig. 9 the polarization mode-dispersion of

the unspun fiber can be calculated asa function of Vusing (19).

The results are superimposed on the theoretical curve of Fig. 8

which, as already indicated, was chosen as the best fit to the

data. We can infer from the close correlation between the curves

that this particular fiber had BS = 7.7 X 10-7, being the value

which corresponds to AT = 2.6 ps/km at V= 2.47, where the

waveguide shape component is zero. The shape contribution is

determined from the variation of Ar with wavelength, from

which we calculate a core ellipticity of’4 percent. This agrees

well with the measured value of’3 percent. We have not plot-

ted the value of Ar for the spun fiber section, since no measur-

able change in birefringence with wavelength was found (Fig.

9) and consequently Ar <0.1 ps/km (an equivalent LP(l.3 urn)

of >40 m). Thus, spinning the fiber has reduced Ar from a
value of 5.2 ps/km at 1.3 Urn (V= 1.77) in the unspun section

to an immeasurably small value.

A similar reduction in Ar occurs for a fiber twisted after

drawing [67]. However, in this case the dispersion of the

stress-optical coefficient C becomes significant. Using (21), we

calculate from the data of [60] and our own measurements of

d(C/n)/dX that a twist of 100 turns/m gives AT(1.3 Urn)== 5
ps/krn between circularly polarized modes.

The role of random mode-coupling in reducing AT in long

cabled fiber lengths is not at present clear. Further study on

the natural spectrum of bends and twists likely to be encoun-

tered is required before a realistic prediction can be made.
The effect of polarization mode-dispersion may be summa-

rized as follows.

1) Energy transfer between modes in linear-polarization

maintaining fibers produces significant polarization dispersion

unless steps are taken to filter out the unwanted mode.

2) Telecommunications-grade fibers have Ar of the order of

5 ps/km, although in long lengths this is likely to be reduced

by random mode-coupling.
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Fig. 9. Measured variation of birefringence with wavelength in spun and
unspun sections of a fiber with hcutoff = 0.96 pm and equivalent step
A = 0.5 percent.

3) Polarization dispersion can be virtually eliminated by

deliberately introducing uniform mode-coupling using fiber

spinning.

VII. CONCLUSIONS

The ease with which the polarization properties of an optical

fiber can be modified by external effects is actively being ex-

ploited in several sensor devices, while at the same time proving

troublesome in applications which require a steady, defined

polarization state. We have outlined the progress which has

been made in developing both low and high-birefringence fibers

with a view to respectively enhancing or suppressing environ-

mental influences. A technique in which the internal birefrin-

gence can be all but eliminated by a process of spinning during

drawing provides a solution to the routine production of low-

birefringence fibers. At the other extreme, high-birefringence

fibers with both low loss and good polarization-holding prop-

erties in lengths of 500 m have been reported.

An analysis of the effect of bends and twists on the perfor-

mance of polarization-maintaining fibers shows that relatively

minor perturbations can significantly degrade the extinction

ratio. It is clear that care will be required in packaging the fibers

if high extinction ratios are required over lengths of several

kilometers. There is insufficient data available at present on

the spectrum of perturbations to be found in a cabled fiber to

translate laboratory measurements of polarization-holding abil-

ity into practical performance. It is foreseen that performance

improvements will be made by careful design of a protective

structure for the fiber.

A number of measurements of polarization mode-dispersion

have now been reported and range from 200 ps/km in high-

birefringence fibers to less than 1 ps/km in telecommunications-

grade fibers. The role of natural mode-coupling in the fibers

which produced the latter figures has yet to be determined. In

fibers with significant polarization mode dispersion, fiber spin-

ning can be used to provide uniform mode-coupling, which re-

duces the dispersion to a negligible level.
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Degree of Polarization in Anisotropic Single-Mode
Optical Fibers: Theory

JUN-ICHI SAKAI, SUSUMU MACHIDA, AND

Abstract-The degree of polarization for propagation waves in aniso-

tropic single-mode fibers is formulated in terms of light source spec-
trum, incident polarization condition, and fiber parameters. The
polarization degree deterioration is based on the incident wave split

into two eigenpolarization modes inherent in the fiber. Since the two

eigenpolarization modes have different group velocities from each

other, the degree of polarization is degraded when both of the modes

are excited. Polarization degree is preserved when only one of the eigen-

polarization modes is excited. The degradation is determined by the

mutuat correlation function -y, between the two modes, which depends
on the light source spectra, fiber polarization dispersion, and fiber
length.

I. INTRODUCTION

PRESERVATION of the optical polarized state in fibers is

essential to realize coherent optical transmission using the

frequency or phase shift keying and heterodyne detection

scheme [1]. Fibers which preserve linear polarization have

conventionally been studied by many researchers [2], [3].

Recently, a proposal has been made to transmit a circularly

polarized light in a twisted single-mode fiber [4]. These works

seem to be based on an idea that incident polarized light should

be transmitted without polarization conversion.

The state of incident polarization may be changed by a

scattering process, external mechanical stresses, ambient

changes, and other causes. The apparent degradation in the

degree of polarization can be recovered by adjusting retarda-

tion at the fiber output [5]. Only intrinsic degradation re-

mains after ideal phase compensation is carried out. It has

been shown that proper incident polarization states exist which

preserve a hi~ degree of polarization [6], [7]. Polarization
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mode dispersion has been discussed to explain the polarization

degree degradation for linear polarization incidence [8] .

The purpose of this paper is to formulate the inherent polari-

zation degree in anisotropic single-mode optical fibers. The

degradation mechanism is based on an assumption that any

incident polarization state is split into two orthogonal eigen-

polarization modes [7], which propagate at different group

velocity values. The degree of polarization depends on a

mutual correlation function between two eigenpolarization

modes.

Section II explains properties of the eigenpolarization modes

which play an important role in preserving the degree of polar-

ization. The mathematical definition of the eigenpolariza-

tions, their physical features, their vector expressions, and

expansion using them are presented. Section III provides the

degree of polarization in terms of light source spectrum and

fiber parameters by using a coherency matrix.’ The degree of

polarization is compared with several source spectral pro-

files. In Section IV, the eigenpolarization modes and the
polarization degree are described for a twisted elliptical core

fiber, as an example of anisotropic single-mode fibers.

II. EIGENPOLARIZATION MODES IN ANISOTROPIC

SrNGLE-kiODE FIBERS

A. Definition of Eigenpolarization Modes

Polarization evolution in anisotropic single-mode fibers has

been treated by means of the modified coupled-mode equa-

tions containing coupling coefficients iVij [9]. Eigenpolariza-

tion modes correspond to eigenstates with particular shapes

and propagation constants, independent of propagation length

z, as have been theoretically investigated [ 10] . A mathemati-

cal outline of the eigenpolarization modes will be briefly

described.

Electric fields in anisotropic single-mode fibers can be repre-
/
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