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CHAPTER 5 ENVIRONMENTAL SENSITIVITY OF BIREFRINGENT FIBRES

5.1 Introduction

Environmental factors such as pressure, bends,
twists and magnetic fields can considerably modify the
intrinsic birefringence of a fibre by detuning (beating)
and transferring power (coupling) between the two
polarised modes, resulting in a randomly varying output
polarisation state.

In coherent detection systemsl' 2, fibre inter-
ferometer3'~6 and when interfacing to polarisation-
sensitive integrated-optical components7, a high-
birefringence fibre is used to provide polarisation
immunity from external influencesB. A single
polarised normal mode may be selected and sustained with
minimal coupling to the orthogonally-polarised mode.

The extinction ration of the power transferred from the
launched mode to the other compared with the power in the
original launched mode quantifies the polarisation-
maintenance properties. As shown below, the degradation
of this ratio by a disturbance depends on the magnitude
as well as the spatial period of the birefringence

introduced by the disturbance.

In complete contrast, for polarimetric sensors,
fibre sensitivity to a given effect must be enhanced.
Induced changes in intrinsic fibre birefringence, i.e.
mode-beating, may be used as a measure of a given
stimulusg. Alternatively, the power coupling between the
modes may be exploited as in a Faraday-rotation current
sensorlo’ ll. Ultra-low bireffingence fibreslz' 13 are
particularly suitable in this application. Fibre

isolatorsl4’ 15, 16

utilise the periodicity of mode-coupling
in a fibre with controlled birefringence to obtain the

required forty-five degrees of Faraday rotation.
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In this Chapter, coupled-mode prOpagationl7_22 is

studied theoretically to evaluate the performance of
polarisation-maintaining fibres and sensors, assuming
uniform (length—-invariant) fibre disturbances. Although
this assumption is wvalid in many sensor applications,

in a real polarisation-maintaining fibre cable installation,
the external influences are bound to be random in nature
and vary along the fibre length. Detailed analysis of

such a system would require statistical information on

the likely distribution of disturbances which is not

at present available. However, analysis of uniform
environmental effects, such as a simple bend or twist,

can still usefully provide comparisons and design criteria
for polarisation-maintaining fibre cables and fibre
sensors.

23, 24

The present analysis is an extension of the

twisted-fibre analysis presented in Chapter Four24’ 25

and gives results in agreement with the work reported
independently by Sakai and KimuralS’ 19. In our case,

we can present the results in terms of the fibre
retardation R, rotation Q and principal axis orientation ¢.
This is intuitively appealing and allows the analysis to
be easily verified experimentally. In addition, we treat
the cases of linearly- and circularly-birefringent fibres
as well as 'spun' fibres.

Finally the design and use of fibres in

practical applications is discussed.

5.2 Uniform Coupled-Mode Effects in Birefringent Fibres

The power exchange and mode beating between the fibre
normal modes caused by any uniform (length-invariant)
disturbance such as a single bend may be analysed by the
approach applied to twisted fibres in Chapter Four.

The versatility and intuitive appeal of this analysis now

becomes apparent.
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Fibre disturbances may be classified into those

‘inducing linear and circular birefringence (see Chapter
Two). In this section we will analyse linearly-birefringent,
circularly-birefringent and spun fibres in turn, with
respect to these two general typesof disturbance.
The general method is summarised as follows. First, the
unperturbed fibre is considered as a series of linear
retarders (for a linearly-birefringent fibre) o;scircular

. The

disturbance in question is then introduced by interspersing

retarders (for a circularly-birefringent fibre)

the stack with the appropriate retarders or rotators

(and any twist). For a disturbance

such as a bend, the retarders are introduced with their
principal axes oriented in the direction of the applied
perturbation23. Note that as in Chapter Four, the

waveguide modes within the fibre are approximated as

plane waves24. A local Jones Calculus equation is then
drawn up and the two coupled-mode equations obtained. These
equations contain terms describing the mode-detuning and

mode-coupling introduced25

, and yield a matrix equation
describing the properties of the fibre in terms of the
linearly polarised x and y electric vector524, or after
suitable transformation, the circularly-polarised normal
modes of a circularly-birefringent fibre. The general

form of the eqation is:

Il
@

A (2) -B* | | Ay(0)
. (5.1)

, (z) | i G* A, (0)

where Al, A2 are the electric vectors of the two normal
modes, and the asterisk denotes complex conjugation
(c.f. equation (4.9)). This is equivalent to a
retarder-rotator description of the fibre, as shown in

section 4.5.

The performance of the fibre under the influence of
the disturbance may be expressed in the form of the

extinction ratio n(z) when only one of the modes (A, (0)) is

1
launched:
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5 2 .. 2
l g~ sin” yz
n(z) = |a, (2)| - (5.2)
2 2 1 + q2 COSzyZ

'Al (Z)'

where g depends on the ratio of the birefringence due to
the disturbance 68, to the intrinsic fibre birefringence
AB and is known as the "coupling strength"l7. vy 1is the
phase retardation of the two new normal modes and again

depends on the ratio of 68 to AB.

We now consider the two cases of weak and strong

disturbances.

(a) Weak disturbances (6B << AB)

In this case, the small birefringence 68 introduced
is dominated by the comparatively large intrinsic
birefringence AB. Thus the phase propagation velocities
of the two normal modes are largely unperturbed, giving
Y = AB/2. The extinction ratio n is shown in Figure 5.1
as a function of fibre length z for AR = lBOO/m and
g = 0.05. n oscillates along the fibre and at certain
points all the power returns to the original polarised
normal mode (n = 0O). These points occur when
z = 27N/AB = N Lp’ where N is an integer and Lp is the
fibre beat length. Testing a high-birefringence fibre
for its polarisation-holding capability under tight
bending or twisting can lead to erroneous results if
the length of the disturbance is not taken into account;
a fibre can apparently exhibit excellent polarisation-
holding if the disturbed length is equalto a multiple of
the fibre beat length LP' even thoughzzignificant power
transfer may have occurred in reality ~. The poorest
extinction ratio NyIN = q2 occurs for z = (2N+1)m/AB
i.e. periodically at intervals of the fibre beat length
Lp’ alternating with the points of high extinction ratio.
If the sign of 6B reversed every Lp/2, the power in the .
unwanted mode would increase progressively along the fibre .
Thus maximum power transfer into the unwanted mode occurs
when the spatial period of the disturbance, u, is equal
to the fibre beat length26, a well-known coupled-mode

theory resultzz.
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(b) Strong disturbances (68 >> AB)

For a strong disturbance, the fibre birefringence
AB 1is dominated by the birefringence &8 introduced, which
how effectively governs the propagation to give vy = §B/2,
n oscillates along the fibre, all the power returning
to the original mode after a distance z = 21N/88 = Nu,
where u is the beat period of the disturbance. Conversely,
maximum power (n = qz) occurs at z = (2N + 1) mw/é88
alternating with the points of zero power transfer27.
The power transfer no longer depends on the spatial
pexriod of the disturbance relative to the intrinsic

birefringence.

5.2.1 Linearly-birefringent fibres

(a) Externally-induced linear birefringence

Consider a fibre with linear birefringence AR
subjected to a disturbance introducing a linear
birefringence 88 (e.g. a bend) at an angle © to the
principal axes of the fibre. As shown in Figure 5.2,
the fibre is represented as a series of retarder elements
interspersed with a second series at an azimuthal angle
® to the first, which represent the perturbation &B.
Each pair of retarders is 8z thick. The local Jones

Calculus equation for section A is:

A
_ my m, a, X
[EA] = . (5.3)

m m a 9

3 4 Yy A
where
m = et sz (cos é%gz + i.cos 20sin 6%?2)
i B z

_ . , . GRSz
m, = e y .i.sin 26 sin —5
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my = i.s8in20,sin Q%g&vel sz
m, = el ByZ (cos 6%§Z -i.,cos20,sin ﬁ%gz)

a % ana ¥y fined 1
and Bx' By’ ax, ay, Xp an Y are as defined in

section 4.5.

Using equation (4.2) and following the procedure

outlined in Section 4.5 we obtain the two coupled-mode

equations:
d A
X _ S8
az le (1 + ZBX cos 2®)AX
d A 8
dz - 1 By(l - 2—8‘; cos ZG)AY

where Ax’ A

are given by equations

i %ﬁ sin 20. A (5.4)
y

igﬁ sin 20. A (5.5)
X

(4.7) and (4.8).

These coupled-mode equations clearly demonstrate the

interesting detuning (mode-beating)

and coupling

(interchange of power) arising in coupled-mode

. 28, 29
propagation .
are modified by + %ﬁ

modes Ax and Ay are coupled with
i %ﬁ sin 20. Thus, depending on

the induced linear birefringence

the modes. The new normal modes

because the coupling coefficient

the trivial case 0 = OO, all the

The propagation constants Bx and By

cos 20, while the two original

a coefficient

the relative inclination 0,
§B detunes and couples

are linearly-polarised

.o . 21
is imaginary ~. For

retarder axes along the

fibre line up to form a total birefringence §B + AB,

but the two original linear modes remain uncoupled.

Conversely, for 0 =

inclined to both fibre principal

450, the birefringence 8B is equally

axes resulting in zero

detuning or incremental birefringence, while the original

modes are maximally coupled.
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The equations (5.4) and (5.5) can be solved

to give
[ -H*
A (z) G H Ay, (0)
= (5.6)
A H G* A O
y(Z) y()
where G = (cos vz + 1 0 sin yz)elBsz (5.7)
l+p2
i sin yz X
H= —— . B2 (5.8)
1 + p2
and By = (B + By)/Z (5.9)
AR + 8B cos 20 _ 1
O~ T8B sin 20 T q (5.10)
v =% /ZBZ + 28B.AB. cos 20 + 582 (5.11)
1f only linearly-polarised light parallel to the x
axis is launched, the output extinction ratio n (z)
becomes:
2 2 .. 2
n(z) = |H = g9 __Sin Yz (5.12)

l+q2 0052 Yz

The matrix equation (5.6) may also be represented by a
retarder/rotator model for the disturbed fibre. We obtain
the retardation R(z), principal axis position ¢(z) and

rotation Q(z):

R(z) = 2Yz (5.13)
d(z) = % tan_lq (5.14)
Q(z) =0 ' (5.15)
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Since the disturbed fibre supports two new
polarisation eigenstates or normal modes which are linearly-
polarised, it appears only as a simple retardation

element, with zero net rotation.

Considering the case of a small perturbation i.e.
8B << AB , the retardation R(z) = ABz, while ¢(z) = O
i.e. R has principal axes lying parallel to those of the
fibre. Thus, as one may expect, the intrinsic birefringence
remains unaltered;, when evaluating n, mode-beating may
be neglected26 and only mode-coupling considered.
Maximum mode-coupling occurs for 0O = 450, where g is a
maximum. In this condition, mode-beating is zero for all

88 value526. The poorest exctinction ratio

nMIN becomes
2
2 oB
n = q° = = (5.16)
MIN ABZ
n for 0 = 450 is shown in Figure 5.3 with a bend as

MIN
the perturbation, for a l125pum~diameter fibre with beat

lengths Lp of 2, 10 and 30mm respectively at A = 1l.3um,

as a function of bend radius. Even in a so-called "polarisation
maintaining" fibre with L = 2mm, a bend of 5mm radius

degrades the extinction ratio to -30dB. This bend need

only be Lp/2 = 1lmm in length.

For large perturbations i.e. 6B >> AR the
propagation given by the coupled-mode equations (5.4)
and (5.5), is dominated by the induced birefringence §8.
The fibre behaves as a retarder R = §fz with principal
axes (aligned) parallel and perpendicular to the
plane of the disturbance i.e. ¢(z) =0 . This
"swamping” of the small intrinsic fibre birefringence
AB , by a large bend birefringence 88 is an extremely
effective means of providing a controlled fibre retardation

with defined principal axes, suitable for sensorslG’ 30, 31

32 33

polarisation controllers and filters
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Experiment

An experiment was performed to verify the analysis
presented in this sub-section. A section of the fibre
(AR = 122.7O/m)12 was bent (assumed sinuoidally) with a mean
radius E'dependent on the displacement of the two halves
of the device shown in Figure 5.4. Using 633nm-light
polarised parallel to one of the original fibre principal
axes, the output extinction ratio n was measured for the
total fibre length as a function of Eﬁ The fibre
sections outside the device were each held straight and
untwisted using the wvertical bench system described in
Section 3.3. These sections therefore supported the two
original linearly-polarised normal modes, ensuring
that the extinction ratio n at the end of the
deformed section was transmitted}without degradation)to the
end of the fibre. The experimental results (dots)are
shown in Figure 5.5. A value of 0 = -52.9° was obtained
from the relative orientations of the original principal
axes of the fibre and the plane of
bending. Using the fibre radius of 6lum to calculate the
bend birefringence 6834, the predicted extinction ratio
from equation (5.12) was obtained. As shown in Figure 5.5
there is close agreement with the experiments. The
experimental curve deviates slightly at small bend radii,
where both unavoidable tension in the fibre can significantly
affect 6835 and the area of fibre contact on the former
becomes large enough to affect the assumption of sinusoidal
bending. At large bend radii the extinction ratio 'saturates'
due to the finite extinction of the two polarisers used

in the experiment (see gection 3.4).

The birefringence properties of the whole fibre were
also measured as a function of the mean bend radius. Using
a correction based on Jones Calculus, the retardation,
principal axis and rotation in the deformed section itself
were calculated from these measurements. The measured
retardance R is shown in Figure 5.6 (a) (dots) as a function
of reciprocal sgquare mean bend radius (l/ﬁﬂ)z,again

closely agreeing with theory (equation (5.13)). At small
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radii the intrinsic birefringence AR is swamped by the
bend birefringence 6B, so the curve becomes linear with
(l/ﬁ—')2 34. The coefficient is extremely close to that
predicted?’4 Since at large radii §Bf is much smaller,

R approaches the retardance of the straight fibre.
Again a small deviation from linearity occurs at very
small bend radii where the assumption of sinusoidal

bending breaks down.

The principal axis orientation ¢ measured in the
deformed sections is shown in Figure 5.6 (b) (dots), closely
agreeing with the theoretical prediction of ‘equation
(5.14) (solid line). The principal axis ¢ is initially
close to that of the undeformed fibre (OO), but rapidly
approaches the plane of bending as the bend radius
decreases and bend birefringence becomes dominant.

The measured rotation Q is shown in Figure 5.6 (c) and is
thought to originate from the small intrinsic rotation of
the fibre and from twists arising within the bending
device. This experiment therefore verifies the

analysis of a linearly-birefringent fibre subject to

a disturbance causing linear birefringence such as

bend34’ 36 or side pressure37’ 38&

(b) Twist and externally-induced circular birefringence

We now examine the case of a linearly-birefringent
fibre with birefringence AB subjected to a twist &,
to circular birefringence oy and/or Faraday rotation fo,
drawing directly on the analysis presented in Chapter
Four. In the coupled-mode equations (4.5) and (4.6) for
a twisted fibre (with twist-induced rotation o ) the
propagation constants Bx ggd By of the two original
modes remain un-modified . Therefore twists or
rotation produce mode-coupling but zero mode-detuning
in a linearly-birefringent fibre28. The output extinction
ratio n(z) for a birefringent fibre with a twist is obtained

using equations (4.9) (4.10) and {(4.11l) as

2 .2
g~ sin” vz

n(z) = (5.17)

1+ q2 cos2 YZ
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where q = 2 (&= a) (5.18)
AB
and
y = %/ZBZ + 4(g —a)? (5.19)

Note that n is referred to, and must be observed in, the
twistedcoordinate system, n(z) is oscillatory with length
and NMIN occurs at multiples of Lp. Figure 5.7 shows

MIN as a function of twist for beat lengths Lp of

2, 10 and 30mm respectively at A = 1l.3um. For a
"polarisation-maintaining" fibre with a beat length of

2mm, a twist of 8 turns/m will degrade the extinction ratio
to -31dB. The new normal modes of the twisted fibre are
elliptically-polarised and rotate with the fibre twist

(see sub-section 4.6.2).

Any initial fibre rotation a  may be included in
the photo-elastic rotation term o. Moreover, since we
are dealing with unidirectional propagation, any Faraday
rotation fo induced by an axial magnetic field is
indistinguishable from the rotation a. Consider now a
linearly=birefringent fibre subject to a Faraday rotation
f_, but without twist i.e. & = 0,a= 0. As for a simple

O

twist, induced rotation will couple the two modes without

detuning them28. Equation (5.17) may be re-written using

2 fo
B o
vt o= 5/8% 4 4 f02 (5.21)
as
q' sin2 Y'z
n(z) = (5.22)

1+ q'2 c032 Y'z

It is however, common practice in Faraday-effect
current-transducers to detect the Faraday rotation using
, \ . . o

the intensities in the orthogonal directions at 45 to

10, 11, 24

fibre principal axes , to reduce the effects of

source intensity variations. The output, J(z) is then given
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ble, 11, 24, 39:

£
o}

Jd(z) = S sin 2y'z (5.23)

J(z) 1is oscillatory with length so that the maximum
interaction length with the field is limited to Lp/4.
Furthermore, since the maximum value of J for small fo

is 2fo/AB, a low-birefringence fibre is essentia139' 40
to maximise the interation length and to prevent the

linear birefringence from "quenching" the Faraday
10, 11,16, 41
effect ’ .

Next consider the combined effects of twist £
and Faraday rotation fo. The parameters g and vy in
equation (5.17) become

. 2(E - o + fo) ) ‘
q = N (5.24)

Y /0% ¢ 4(E —a+T 2 (5.25)

A large twist rate will rapidly couple the two modes,
effectively averaging the linear birefringence AB to zero,

(see sub-~section 4.6.5) leaving only the rotation Q(z):(u+fo)z
unaltered. Thus the fibre is simple circular retarder,

and fo may be detected as a change in this birefringence42
(see sub~section 5.2.2 (b)). For completeness, the
sensitivity J(z) for a twisted fibre used in

. . 24
a current monitor is

1 + tan2 8.2

J(z) = sin [2(5l - yl)z] : -t (5.26)
1 + tan” y" z
£ -at+ £
where tan 6lz = 7 .tan y''z (5.27)
and tan ylz==§§9 . tan vz (5.28)

with vy given by equation (5.19).
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For small twists i.e.f << fo,AB}equation (5.26)
reduces to the result for an untwisted fibre (equation
(5.23)). Conversely, for a large twist i.e. & >> AB
Y=y and 61 ~y" giving

J(z) = sin 2foz (5.29)

This is the response of a purely isotropic fibre to a

Faraday rotation fo'

Figure 5.8 shows the magnetic sensitivity of a twisted
linearly-birefringent fibre relative to that of an
isotropic fibre as a function of the number of turns of
twist in the fibre. The curves are plotted for the three
different values of net fibre retardation ARz shown and

for a small Faraday rotatio% 2foz = lOO 24

When Afz is small i.e. 7/2, the sensitivity at
zero twist is relatively high as predicted by
equation (5.23). A very small twist is sufficient to
produce maximum sensitivity. For large ABz values
(7m/2) the sensitivity at zero twist is very low since
only the last m/2 of retardation contributes to the
sensitivity24. A small twist modifies the overall fibre
retardance to an integral multiple of T to give zero
sensitivity. ©Note that since the net retardance of the
fibre varies as the twist increases, an oscillatory

variation in sensitivity is produced.

From Figure 5.8, provided that at least two turns
of twist £ per beat length Lp exist, a sensitivity

approaching that of an isotropic fibre is obtained42’ 43.

5.2.2 Circularly~-birefringent fibres

Circularly-birefringent fibres have been proposed
. . - . . . 44
for applications requiring polarisation-maintenance
Their main advantage over linear polarisation-maintaining

fibres45 is that azimuthal alignment of fibre joints is
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not required. Tightly twisting a fibre induces a large
circular birefringence suitable for the maintenance of
polarisation. 1In the following analysis the fibre is
modelled as a simple circularly birefringent elemeng
ignoring the fact that it is actually a twisted
linearly-birefringent fibre (see 5.2.1 (b)).

(a) Externally -induced linear birefringence

A circularly-birefringent fibre is modelled as
a series of rotation plates each of thickness ¢z and
rotation o 8z where o= 0.073 x fibre twist rate24 as
shown in Figure 5.9. External side-pressure or bending
introduces a linear birefringence 8B, represented by
interspersing linear retardation plates each with
retardance ¢§Bd8z and thickness 8z. The principal axes
of these plates are inclined at an angle O determined
by the plane of the disturbance with respect to the
external co-ordinate system x'y'. For simplicity,
coupled-mode analysis is performed in terms of the Ax
and Ay modes of the retarder in the x, y co-ordinate
system. The results are then translated to x'y'
and finally into the circularly-polarised modes Al’ Ar
using Jones Calculus46. The Jones matrices of the
rotators odz are independent of the choice of co-ordinate

system. In terms of x, y, the local Jones equation is:

cosadz -sinadz eleZ 0 a 2

- - -
sinadz cosadz 0 elByz ay . §
(5.30)

where Byt are the propagation constants in x, and y

B
directions ig the retarder plate and % and § are unit
Vectors in x and y directions. 8Since this equation is
identical to equation (4.1), we may follow the analysis
described in Section 4.5 exactly, but noting that in the
present case there is zero twist of the co-ordinate system

along the fibre i.e. £ = O.
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We may immediately obtain the matrix equation in terms of

A, and Ay by setting £ - o to -a in equations (4.9)

to (4.14). Translation of this equation to the co-ordinate

system x', y' is performed using Jones Calculus46 to

give:
1 1 -
Ax (z) G H'* Ax' (0)
- . (5.31)
A' (z H' G'* A' (O
Y() v (0)
[ - : P . iBZ
where G' = (cosyz + i sin yz.cos 20) e s (5.32)
v 2
1+p
H =[7—4L———— sin vz + i 2 sin Yz.sin 2@*elBsZ
1+ p2 l+p2
(5.33)
A .
p:q :_-2—2 (5‘34)
Y = % AB + 4 o (5.35)
and Bs = % (B, * By) (5.36)

This matrix equation (5.31) is further transformed
to operate in terms of the left- and right circularly-
polarised normal modes of the fibre, Al and Ar, as

described in the Appendix. We obtain:

A, (z) P -Q* A, (O)
1 _ St (5.37)
Ar (z) Q p* Ar (0)
where P = cos Yz - i sinyz (5.38)
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0= 21 gin yz.e_ZlO (5.39)

Vl+p2

The form of the final expression (equation (5.37)) is
identical to that for a twisted, linearly-birefringent
fibre (equation (4.9)). Thus the induced linear bire-
fringence AB couples the two circularly-polarised modes
without detuning them28 (cf. the twisted linearly-
birefringent fibre in sub-section 5.2.1 (b)).

The e—Zie term represents the phase between
Al(z) and Ar(z) arising from our choice of axis system

X', y'. The output extinction ratio for a left-

circularly polarised light input is:

2
|2 (2) | 2 2
- r ' _ g~ sin v Z
n(z) = P

. 2 .2
|Al(z)\ L+ g sin yz

(5.40)

where g and y are given by equations (5.34) and (5.35)
respectively.

In this case the fibre is particularly sensitive,
since for a 125um fibre twisted at a maximum practical

rate26’ 44

of 50 turns/m, a bend of only radius 45mm

at ) = 1l.3um will degrade N VTN to —3ldB26. Maintenance

of polarisation to better than -40dB for bends of 35mm
radius (or 23 Nm—'l transverse pressure) requires a

twist rate close to the theoretical strength of the glass23.
We saw in Chapter Four that twists can virtually eliminate
intrinsic linear birefringence because the birefringence
axes are rotated. However extringic effects have a constant
azimuthal direction, so the birefringence is quenched

only by virtue of the twist-induced circular
birefringence g. Since o is equal to 0.07 x twist rate

the rotation alone is an order of magnitude less

effective than the twist effect.
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Experiment

An experiment was conducted to verify the
prediction of equation (5.40). A length (.1lm) of

12
;, was

low-birefringence fibre (GSB2 of Table 4.1)
twisted at 47.4 rad/m to ensure the rotation a
Ewamped'the intrinsic birefringence (~0.05 rad/m).

Using left-polarised He-Ne laser input light, the

output extinction ratio n was measured as a function

of the radius R'of a single loop wound near the midpoint
of the 139um diameter fibre, as shown in the inset of
figure 5.10. The straight sections at either side of
the loop do not interfere with this measurement.

The results are shown in figure 5.10 (dots) and compared
with the prediction of equation (5.40) (solid line).

It is interesting to note that a single loop of 2.4 cm
radius catastrophically degrades the extinction ratio to
OdB. The experiment indeed verifies the predictions

derived above.

(b) Twist and externally-induced circular-birefringence

Again consider the circularly-birefringent fibre
to be made up of a stack of rotator plates 6§z thick and
of rotation doz where a = 0.073 x twist rate24
Any induced twist or rotation may be described by twisting
the local co-ordinate system or by interspersing rotators
respectively. However, the circularly-polarised normal
modes of the fibre have a zero overlap integral44 so that

the twist or rotation will induce zero coupling.

Instead, while any fibre twist in itself produces
no effect whatsoever, the associated twist-induced
rotation, and any other rotation will add to the intrinsic
circular birefringencelg' 42, to give a mode-beating effect.
This beating may be observed as a rotation of the plane of
the linearly-polarised output42 when both modes are

launched using linearly-polarised light.
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5.2.3 'Spun' Fibres

In a spun fibre, only small residual average
linear polarisation anisotropy is present (equation (4.32)).
Thus from the previous sub-sections, we would expect a
spun fibre to be extremely evironmentally sensitive.
However, since there is still a relatively
large (rotating) linear birefringence present on a
local scale47 it is not entirely clear what sensitivity

such a fibre will exhibit. This is now evaluated.

(a) Fxternally—induced linear birefringence

As shown in I'igure 5.11, a spun fibre is
represented as a spiralling series of retardation pilates
each of thickness &z and retardation AR §z. A second
set of retardation plates with axes aligned to the
x axis 1s interspersed to represent the induced linear
birefringence 8B arising from bends or side pressure.

The local Jones equation at a position z along the fibre

is:
- _ - A
1 Y, X e
| upve—, _ .
LEA} = (5.41)
A
I my | KRR
where
. 0RGZ
m = et T2 cos A%?E + i,cos 2£z. sin A%;E ]
_: 8BSZ
m2 = e * 2 .i.Sinzglz.sin M
2
. SRSz i
m, = et T2 .i.sin2¢%z.sin é%%&

_1 0BdzZ
m, = e T2 [ cos LBSZ —i.cos2§z.sin é%;E_]
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and £'is the fibre spin rate. It is not possible in
this case to use the coupled-mode analysis adopted so
tar, because the azimuth and hence the mode-coupling
if the intrinsic birefringence is length-dependent.
However, we may use the formalism of Kapron et al48
and evaluate the matrix[MJin equation (5.41) as

§z -+ O, neglecting terms of the order 622

[
[M]= |1 +1 aéfz + i cos 2g%.AB%; i.sin 2£%. é%§5
i.sin 2£&z. é%?z 1 - i,éﬁ—ﬁ-E -icos2&Z. ABSz
2 2
(5.42)
. M= Ta -b*7] . 8z +[1] (5.43)
b a*

where

a =i SB 4 cos 2£z. Ag (5.44)
2 2

b = i . sin 2£%. %§ (5.45)

and [I] is the unit matrix.

Following the analysis of Kapron48 step by step
we may write the final matrix|[N(z)] for the propagation
along a fibre of length z as:
G -H*
[v(=2)] = | (5.46)
H G*
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where
G = cosh + i'c_s%n_x_ (5.47)
Ho= (15 +) 2L (5.48)
g =0 (5.49)
Z
Z
S = J —Az—B‘sin 2¢%.dz = [-A—g-,,cos 2g'z] (5.50)
°© o
Z
zZ
$ A 8Bz A .
C =_J; (7§ + Tf.coszg%)dz ={—§— + Z%h81n2£% }
o
(5.51)
L
A= (C2 o+ 8% 4 g% (5.52)
For a large spin rate g'>> AR, S = 0 and
C = X =28R2/2 and the matrix elements become:
-6 7
G = et Bz/2 (5.53)
H=0 (5.54)

In this condition the new fibre matrix is that of a
retarder of retardation 4Bz and principal axes along
the x and y axes. This is the response of an isotropic
fibre to an externally-induced linear birefringence ¢8.
Even though there may be a large local birefringence
in the fibre47, an overall circular symmetry always
exists in the guide. The disturbance will upset this
symmetry on a local scale to produce a response identical

to that of an isotropic fibre.
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(b) Twist and externally-induced circular birefringence

An applied twist which is small compared to the
fibre spin rate &' will only slightly change the
parameters oq and Yy (equations (4.40) and (4.41)).
Thus the overall fibre retardation (equation (4.38))
remains small, while the rotation given by equation

(4.39) becomes
Q(z) = g'Ez (5.55)

where g' is the twist-induced rotation coefficient.
As shown in sub-section 4.8.5, in the unlikely case of
a large twist opposing the spin, the spin averaging
effect is reduced and the fibre becomes linearly-bire-

fringent.

Any rotation, such as a Faraday rotation, of fo

deg/m will induce a rotation

Q(z) = £ =z (5.56)
exactly as for twist. This is exactly the response of
an isotropic fibre43, which can also be deduced from
the result for a twisted fibre (sub-~section 5.2.1 (b))
by setting o= O. The "polarisation transparency" of
a spun fibre towards external effects is essential for
fibre sensor design, providing in addition a "zero
retardation base-line" for the introduction of
controlled birefringence for birefringent fibre

deviceslG' 30, 31, 32, 33.

5.3 Fibres for Polarisation-Maintenance

This section investigates the design requirements for
a polarisation-maintaining fibre capable of transmitting
a stable polarisation state essential for fibre
interferometers3 and coherent detection systemsl. In such
a fibre one of the 'normal' modes is usually selected as
the desired polarisation state, but the other mode may be

used as a second independent communication channel with
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negligible crosstalkl.

Polarisation-maintenance requires a reduction of the
power—-coupling induced by environmental factors such as
bends. For a uniform disturbance (Section 5.2) this
entails minimising the "coupling-strength" g and the worst-
case extinction ratio MIN = q2 by (i) reducing the
strength of the disturbances (ii) increasing the fibre
intrinsic birefringence to 'swamp' the externally-introduced
birefringence. Deliberately mismatching the spatial
period u of the disturbance with the fibre beat length Lp
will also substantially reduce power coupling and hence

crosstalk between modes44’ 45.

In a real installation however, the disturbances
will vary along the fibre length. Note that from our
‘uniform-coupling analysis, extinction ratio degradation
occurs only at the point of disturbance. Any undisturbed
section following the disturbance will sustain
each normal mode without further coupling. This fact
considerably simplifies the study of concatenated localised
disturbances. Consider two such disturbances on a
single fibre, where, with one of the normal modes
launched, each disturbance alone would produce a fibre

output extinction ratio of n. and N,y respectively.

1
Assuming the coupling is very weak (nl, n, << 1),

coupling of the small power in the secondzmode back into
the intended mode is negligible and we obtain the net
extinction ratio n = nl + Ny Thus the order of the
disturbances is arbiErary, while for a series of
disturbances n = I n(z) for a length L of fibre.

In practice, the 2= perturbation coupling strengths
g(z) will be time variant and random in nature, with an
average value <g(z)> = 0. The z dependence of N can

no longer be included easily, so that we assume the worst-
case nMIN(z) = q(z)2. Again, assuming power is coupled
only out of the intended mode continuously along the

17, 22 )

17, 22 » analysis gives the average extinction
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<n> = tanh (hL)*? (5.57)

2
where h = k2/4. <|T(aR) > (5.58)

where k is the free-space wavenumber, < > denotes the
"ensemble average". <|F(AB)|% is the average power
spectral density of the disturbance g(z) at a spatial
frequency (given by 2m/u) of AR and is proportional

to (l/AB)2 50. For polarisation-mainentance the
polarisation-holding parameter h must be minimised.
This entails minimising <|T (AB) F > id.e. reducing

g(z) by (a) reducing the disturbances or (b)

increasing AB. An additional advantage is gained from
(b). Appreciable coupling will only occur when the
disturbance contains spatial frequencies close to AB.
However, the spectrum of frequencies for practical
disturbances (g(z)) is assumedj'7 to be bandwidth-
limited at a spatial period of ~ lmm. Thus reducing

Lp to well below Imm will ensure further reduction of
mode-coupling. The spatial frequency dependence of
<|F(A8)f2> assumed above has been verified in many
types of "polarisation-maintaining" fibres using a
polychromatic sourceSl’ 22 to produce a spectral average

simulating the ensemble average of the coupled modes.

Thus, the conclusions of uniform and random coupling
theory are identical: to produce polarisation-maintenance
one must(a) reduce the disturbances as far as possible
(b) increase AR to both reduce the effect of the
disturbances and to pitch AB well beyond the highest
spatial frequencies present.

High-birefringence fibres are undergoing intensive
development. Linearly-birefringent fibres with beat

lengths of O0.75mm at 633nm have been produceds3 by using

a highly-elliptical core54’ 55.

17, 55-60

By increasing the stress
anisotropy beat lengths as short as 0.87mm at
633nm and fibre losses of 0.8 dB/km at 1.55um have been

obtained 61. Novel structures using axially non-symmetric
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refractive index distributions in the core have also

62, 63 64, 65

been proposed and demonstrated

Circularly -
birefringent fibres produced using a tight fibre twist28
have been proposed44 to avoid the jointing problems

envisaged45 in linearly-birefringent fibres, but good
polarisation—maintenance23 has yet to be demonstrated.
Three excellent reviews of progress in high-birefringence

fibres have appeared recentlyl7' 63, 26.

Very little research has been done into the
reduction of random fibre disturbances, mainly because
of the difficulty in treating the problem analytically.
It is nevertheless clear from the numerical results
derived in Section 5.2 for uniform coupling that even
for the fibre beat lengths of -~ 1-2mm currently
obtained, relativly gentle twists and bends can significantly
degrade the extinction ratio under certain conditions.
Moreover, a single sharp bend or kink ('hot-spot') can be
sufficient to catastrophically reduce the
extinction ratio. For polarisation ratiocs of -30dB or
better some considerable care in fibre handling and
packaging is required66. Our analysis indicatesbthe
necessity for the elimination of microbends of less
than ~ bmm radius for a linearly-birefringent fibre and

less than 45mm for a circularly-birefringent fibre.

Although uniform-coupling analysis already provides
quantified guidelines for polarisation-maintenance,
detailed statistical information on the disturbances in
real fibre cables is essential before realistic estimates
of polarisation,performance can be made.

)

5.4 Fibres for Polarimetric Sensor Applications

Fibre polarimetric (single-fibre) sensors can be
broadly classified into "beating-type" and "coupling-type®
devices which exploit respectively the mode-beating
and mode=~coupling effects introduced by a stimulus.

These effects have been analysed in detail in Section
5.2.
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In the "beating-type" sensor, both fibre modes are
launched and the change in fibre birefringence i.e. mode-
beating introduced by a stimulus is observed. Small
mode-coupling effects introduced by the generally weak
stimulus will not significantly affect the high power
in each of the modes. Thus, since the sensor is

sensitive only to mode-detuning, selective detection of

a particular stimulus is possible. For example, a
circularly-birefringent effect does not cause any
detuning in a linearly-birefringent fibre and vice versa
(see Section 5.2). The detection of a given type of
birefringence effect requires a fibre with birefringence
of the same type and, in the case of linear birefringence,
of the same principal axis orientation. One example

is the circularly-birefringent (highly-twisted) fibre
Faraday rotation ammeter42. The large intrinsic
circular birefringence will swamp any external linear-
birefringence effects such as side pressure or fibre
coiling42, which in any case introduce mode-coupling

but not detuning (sub-section 5.2.2 (a)). The device

is virtually immune to these effects. Similarly the
twist will swamp the intrinsic birefringence (see sub-
section 4.6.5), but it is advantageous to use an

ultra-low birefringence spun fibre13.

The linearly-birefringent equivalent is the single-
fibre temperature sensorg, where the change in thermal

stress birefringence B is exploited as a sensitive

S
measure of temperature. The birefringence B, is made

as high as possible to produce good temperatire sensitivity9
This also has the advantage of de-sensitising the long
fibre length to twists which/without detuning the modes/
cause a small amount of power coupling. Another device,
proposed as an acoustic or magnetic sensorBO’ 31, uses

a relatively low-birefringence fibre, tightly coiled on
the former to provide a large defined bend-birefringence
AB§4 with a known principal axes. An acoustic or
magnetic field acts on the former to introduce a

tension-bend birefringence35 with a principal axis parallel
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to the bend-birefringence ABb, thereby producing a mode-
beating effect. The large bend-birefringence provides some
immunity from fibre twists and swamps the smaller

intrinsic fibre birefringence AB (sub-section 5.2.1 (a)).
Using an ultra-low birefringence 'spun' fibre13 is an
obvious advantage and guarantees that the fibre coil
principal axes lie in the plane of the coil.

These "beating—-type" sensors provide sensitivities

approaching those of the two-fibre interferometerss' 67, 68

but are quite temperature sensitive69’ 36.

Special
detection schemes to provide maximum sensitivity over

a wide temperature range have been reported7o.

"Coupling-type" sensors exploit the power-coupling
effect induced by an external stimulus. As shown in
Section 5.2, coupling is introduced in a circularly-
birefringent fibre only by linear-birefringence 68.

In a linearly-birefringent fibre, circular birefringence
OoY a linearly-birefringent disturbance at an angle

to the principal axis would cause coupling. To'

maximise the coupling and hence the device sensitivity,

two approaches may be taken, (a) matching the period of the
stimulus to the fibre beat length - the "resonant" sensor,

and (b) using a very—low bilrefringence fibre.

An example of the "resonant" sensor is the Faraday
isolator14 which uses a periodic magnetic field spatially
matched to the intrinsic fibre beat length Lési However,;

Lp varies from fibre to fibre and is strongly
temperature-sensitive, making the device extremely difficult
to set up and operate. An alternative design16 uses the
controlled birefringence of a coil whose radius

is chosen so that the fibre beat length is equal to the coil
circumference. This ensures that when the coil is placed

in a uniform field resonant coupling will take place4l.

A spun fibre is essential to the attainment of accurately
tuned coils (see sub-section 5.2.1 (a)). The device has

69

a useful operating range of at least + 10°¢ and can also

act as a spectral filter or magnetic field sensorlG.
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A ‘“coupling" device using a low-birefringence fibre
is sensitive to virtually all environmental influences
(Bub- section 5.2.3). For example, a Faraday-rotation
current monitor using a low-birefringence fibre has been

10, 11, 39, 43

proposed and demonstrated . However, the

introduction of birefringence by coiling the fibre or
by side pressure, which typically varies with temperature

11, 39

and time results in a loss of sensitivity and

calibration/drift errors. These difficulties can be
largely overcome by using novel fibre structures7l,
coilingll or loose rigid tube coating37 which passively

reduce the sensitivity to undesired influences.

5.5 Summary

In this Chapter we have addressed the problem of
external influences on birefringent fibres which is
a major obstacle in the design of polarisation-maintaining
fibres. These effects, however, can be turned to

advantage in fibre sensors.

A general analytical method based on coupled-mode
theory has been derived to evaluate various types of
uniform disturbance in birefringent fibres. It has been
shown that both detuning and power transfer
(coupling) between the fibre normal modes can occur,
depending on the type of disturbance. Essentially a
disturbance inducing linear birefringence will "detune"
as well as "couple" in a linearly-birefringent fibre,
but ohly "couple" the modes of a circularly-birefringent
fibre. Similarly, a circularly-birefringent disturbance
will only couple the modes of a linearly-birefringent fibre
and only detune those of a circularly-birefringent fibre.
The relative importance of detuning and coupling is

specific to the problem under consideration.
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The uniform mode-coupling analysis has been extended
to treat non-uniform disturbances and agrees with the
findings of a true random power-coupling analysis applicable
to real fibre installations. Appreciable coupling occurs
only when the system of disturbances along a fibre
contains spatial frequencies close to the birefringence
of the fibre. Increasing the birefringence beyond the
range of spatial frequencies expected significantly
reduces coupling and the development of high-birefringence
fibres is receiving considerable attention. Reduction
of the magnitude of these disturbances in a cable is
necessary although very little is known of their
statistical features. Nevertheless, uniform mode-coupling
analysis already puts forward approximate guidelines for

protective cable structures.

Fibre sensors may exploit either mode detuning or
coupling effects as a measure of a given stimulus.
In many cases a controlled amount of type of fibre
birefringence is essential or at least advantageous and
may be obtained by the deliberate introduction of fibre
bending or twists. The low intrinsic birefringence of a
spun fibre isauseful 'base-line' for many of these

sensor designs.
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CHAPTER 6 THE EFFECT OF WAVELENGTH AND TEMPERATURE IN
BIREFRINGENT FIBRES

6.1 Introduction

Fibre birefringence generally varies with the light
wavelength, giving rise to a difference in the group-delay
between the two orthogonally-polarised fibre modes, an
effect known as polarisation mode-dispersion (PMD)l’ 2. :

4

PMD can significantly limit the overall fibre bandwidth3_
particularly when the first-order chromatic dispersion
has either been optimised for the wavelength of

6-11

operation , or eliminated by using a highly-monochromatic

source, for example in coherent systemslz' 13

,and
is therefore an extremely important parameter in the

design of ultra-high bandwidth fibres.

Polarisation-dispersion is generally higher in
high birefringence (polarisation-maintaining) fibres,with
any weak mode-coupling resulting in a severe bandwidth
reduction. Conversely, stronger coupling between the
modes can improve the fibre bandwidth by an averaging
effect on the respective pulse transit times,

A
particularly in long fibresz’ l&.

High bandwidth can be ensured only in a fibre with
an intrinsically-low PMD, that is,generally a
low-birefringence fibre, or preferably a‘spun‘fibre15
with its ultra-low birefringence and PMD (see Section 4.8).
In conjunction with a polarisation—controllerl6’ 17,
low-birefringence fibre is a viable alternative to a
polarisation-maintaining fibre for communications

(see Section 2.6).

The intrinsic birefringence of a fibre with photo-
elastic stress-birefringence varies substantially with
ambient temperature. The resultant change in output
polarisation state may prove troublesome in coherent
systems and fibre interferometersl8 but can be turned to
advantage in temperature sensorslg. In addition, externally-

induced birefringence based on the photo-elastic effect,
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such as bending or twist, will vary with temperature

affecting the stability and operation of fibre sensorszo“22

and controlled-birefringence fibre device523_27.

In this Chapter, the effects of both wavelength and

temperature on fibre birefringence28

will be examined.
First, the polarisation mode-dispersion arising in a
linearly-birefringent fibre is discussed. The effects
of mode-coupling on this dispersion will be examined
gqualitatively. A subsequent section will describe a
technique for polarisation-dispersion measurements.

It will also be shown theoretically and experimentally
that polarisation-dispersion can be dramatically reduced

in spun fibres.

The effect of temperature on birefringence and
sensor devices will be examined. Some techniques for
separating and evaluating the stress and waveguide contributions
in a birefringent fibre utilising the temperature
and wavelength effects are presented. These techniques
provide valuable diagnostic information for fibre
fabrication and further the understanding of the

combination of stress and waveguide effects in a fibre.

6.2 Polarisation Mode-Dispersion

In the absence of chromatic dispersion3’ 6-9, 29

or with a monochromatic source3o, polarisation mode-dispersion
becomes the primary limit on fibre bandwidth. For poly-
chromatic sources, the group-delay difference will cause
output depolarisationz. The magnitude of PMD must

therefore be considered.

6.2.1 Polarisation—dispersion in linearly-birefringent fibres

In a fibre with stress and waveguide shape linear
birefringence BS and BG respectively, a group-delay
difference ATO arises between the two orthogonally-
polarised normal modes. This delay-difference or
polarisation mode-dispersion is given by the derivative

of the retardance AR with respect to the free-space
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wavenumber, k:

_z . aus) _za

Aty =3 dk c ax (k(Bg + Bg)) (6.1)
aB :

_ 2 G k dcC

- c.{BG + k2 + By (1 + c'EEﬁ (6.2)

where z is the fibre length, ¢ is the velocity of

light and the stress birefringence B, is proportional to

S
the photo-elastic constant C. The last term in

equation (6.2) represents the dispersion contribution
arising from the variation of C with wavelengthzg’ 31
(see sub-section 6.2.3). The retardance ABS arising from
the stress-birefringence varies almost linearly with

fibre V—value32. The dispersion due to B, is thus almost

S
constant for all fibre V values, the photo-elastic

dispersion contributing about 5-10% to this dispersion28

The retardation ABG arising in an elliptigilgzoris
step-index fibre is a function of fibre V-value "'~ "' .
The resultant polarisation-dispersion contribution
—(Z%.(BG + k %%S) ; 1s shown in Figure 6.1 for a fibre with a
small ellipticity of (% - 1) = 4.3% where a, b are the

core semimajor and semiminor axis dimensions, and index

differenceA' = 0.5%. Note that at V = 2.48, close to
the second-order mode cut-off, the polarisation dispersion
falls to zero33’ 34. For higher fibre ellipticities

this point shifts to higher V value (V is referred to the

. . . . . 34, 36
semimajor axis a in this case)

the cut-off V—value34

but remains close to

The net dispersion ATO calculated for a typical

telecommunications fibre (VD319) is shown in Figure 6.2

for A' = 0.5% and ellipticity (% - 1) = 4.3% and By =
7.13 x 1077 at A = 1.06um; the effect of dC/dk was
calculated using ref. 28 (see sub-section 6.2.3). The

values were chosen to fit data (dots) obtained in an

experiment to be described later. Figure 6.2 clearly shows
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the relative importance of the stress and shape contributions.
At the higher order mode cut-off (V = 2.4 for this wvalue of

ellipticity), the shape contribution is small,

vanishing entirely at V = 2.48, Fibres designed for
operation at 1l.3um typically have V-values close to
2.4 3 so that any PMD arises largely from the stress effect.

However, a much lower V-value (typically 1.5-1.8) 3,6

is required for zero chromatic dispersion for 1.55um
operation so the waveguide PMD component will then be

significant.

The results shown in Figure 6.2 are typical of
nominally circular telecommunications grade fibres where
ATO is generally 5-10 ps/km. In a long-haul link even
this apparently small figure will result in about a
nanosecond of dispersion. Therefore operation at 1-10
Gbits/sec over long distances generally requires very low
core-ellipticities and stress-~-birefringence beat lengths

greater than 50m, in addition to accurate matching of the
3, 4

.

chromatic dispersion

. 37
Polarisation immunity to external effectstay be

38, 39

achieved using a high-birefringence fibre Assuming

the stress component B, to be dominant, a fibre with a

beat length Lp = 2mm ai A = 1l.3um would have ATO = 2.2ns/km,
which becomes active when power transfer into the unwanted
mode takes place (see sub-section 6.2.2) thus reducing

the bandwidth. Fibres with balanced stress and core
ellipticity to produce a small PMDwhile retaining high

birefringence have been proposed recently36’ 40.

6.2.2 Role of mode-coupling

Power coupling between the two orthogonally-polarised
modes has a profound effect on the overall fibre bandwidth.
With no coupling, the two modes are independent and with
only one mode launched, the polarisation dispersion Aro

is of no concern.
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In a long fibre, however, some random coupling will
inevitably occur. The normal modes and hence pulse-
delay can then only be defined locally within the
concatenated local sections making up the fibre, and
equation (6.1) breaks down. The net group delay is the
sum of the individual delaysl4. Therefore weak mode-
coupling or polarisation conversions on a local scale
can result in a bandwidth reduction14 over the zero-
coupling cases. Stronger coupling transfers power back
and forth continuously along the fibre to statistically
equalise the net transit times for any input
polarisation. The delay for random coupling is
proportional to (length)% 2. However, it is far from
clear whether the coupling would be truly random in
practice4l. Further study of the nature of external
fibre perturbations is needed before realistic predictions

42
of long fibre bandwidths can be made.

Uniform mode~coupling between the linearly-polarised
43,44

modes sets up twonew normal modes and reduces ATO
( sub-section 6.2.5).

6.2.3 Dispersion of the stress-optic effect in fibres

The photo-elastic constant C governs fibre

birefringence arising from thermal stress45, bending37,

46, 47 48

side pressure and torsion C is generally assumed

invariant with wavelengthzs’ 32, 49—51, despite

measurements of the dispersion of C in bulk glasse552-58.
The dispersion of C contributes to both intrinsic PMD
(equation (6.2)) and to the spectral properties of

fibre devices using externally-induced birefringence28

In bulk silica the variation of C as a function of

wavelength follows a known dispersive law57' 28.

n_(A) A2 a%an? 2.2
S O
Gy - SO - | T
s n 20 A2 A%-a

(6.3)
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where
nS(X) = refractive index at wavelength )\
Ao = normalising wavelength
Xl = 0.1215pm
lz = 6.900um
C(X_) is the wvalue of C at )
© ~11 2, -1 9 54
C is-3.30 x 10 m- kg at XO = 633nm and

ng and dns/dk are obtained from the data of Malitson59
The derivative of equation (6.3) yields 4C/d)\. The
results for C and dC/d)X are shown in Figures 6.3 and

6.4 respectively.

The dispersion of C in doped-silica is largely
unknown, particularly in fibres. Measurement of C
in a fibre could be performed by observing the stress-
birefringence BS variation with wavelength (see equation
(6.2)) Howiger, the strong dependence of BS on ambient
temperature as well as the likely presence of a shape
contribution BG and externally-induced birefringence make
this method unreliable. In contrast, a spun fibre has
negligible birefringence of its own, and a controlled
stress-induced birefringence may be introduced, by bending
or twisting the fibre. Bending requires winding the
fibre under tension which introduces further undesired
birefringence, whereas twisting is easiler to control.
For a twist rate & a rotation of o of the plane of

polarisation is introduced48:

R C
a =g'f == —¢ (6.4)
C

where g' 1is the stress-optic rotation coefficient,

nc the core refractive index and Rothe modulus of

rigidity. Differentiation yields:

I

dn
ac _ 1 [0 dg" (6.5)
ax R, [g o T reMay ]
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%% was obtained by measuring g' as a function of

wavelength in a spun fibre (VD319) 15 with 0.9cm pitch,

2'and B203/SiO2
cladding. The overall index difference was -~ 0.5%

a silica core doped with 3.4m/o GeO

and the cut-off wavelength was 0.95um. Five turns of
twist were applied to the 1l.3m~long fibre. The rotation
o (equation (6. 4)) was measured as described in Chapter
Three using the tunable-wavelength Raman source. The
results for g' are shown in Figure 6.5 (dots) with a
fitted 2nd-order Chebyskev curve (dashed). The expected

variation of g' in bulk silica obtained from equations (6.3)

and (6.4) 58, 59 is also shown for comparison. The
fibre value is ~ 5% higher and only slightly more
dispersive.

Evaluation of dC/dX using equation (6.5) requires
values of n_ and dnc/dk. It has been shown28 that for
the small GeO2 concentration used in this fibre
(3.4m/o), these values differ by less than ~ 1% from
those for bulk silica obtained in ref. 59. The computed
results for C and dC/d) are shown in Figures 6.3 and 6.4
respectively. Referring to Figure 6.3, the value of C in
the fibre is slightly higher than that extrapolated
for bulk silica and is in close agreement with other
measurements of C in fibres49. The presence of small
amounts of GeO2 does not appear to alter the stress-—
optic coefficient significantly. In addition, from
Figure 6.4, the value of 4C/dX in the fibre is ~10%
higher than in bulk silica and tends to follow the
dispersive law for C given in equation (6.3). Table 6.1

summarises the results for C obtained in the spun fibre.

The variation of C with wavelength must be taken
into account when considering the intrinsic polarisation

60, 61, 32

properties of a fibre For example the variation

of fibre stress-birefringence ABg with fibre V-value 32
will become non-linear. However, because d4dC/d)X is small
and almost constant, the inclusion of C(\) will only alter
the slope of the variation of ABS by some 10%. This can

have a marked effect on the intercept of ABS at zero V-value
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which in fact provides a measure of any shape contribution
BG in the fibre as well as the eggecglof cladding

stresses on stress-birefringence ' . Correct
evaluation of the dispersion of birefringence therefore

requires inclusion of the variation of C.

The variation of C will also contribute to the

overall PMD in a fibre with stress birefringence BS'
as indicated in equation (6.2). Evaluation of

k/C. dC/dk from Figures 6.3 and 6.4 yields a value
of 9.5 ¥ 1072 at 1.3um. The stress-optic effect increases

the polarisation mode-dispersion due to stress by ~9.5%.

The dispersion of C will also give rise to dispersion
in fibres or devicesl6—27 where an external elasto-optic

46-48

birefringence is introduced , for example by bending37

The polarisation-dispersion in twisted circularly-birefringent

fibres will be discussed in sub-section 6.2.5. The dispersive
behaviour of C will be particularly important when
designing spectral filter524’ 254 32.
A small chromatic dispersion (<lO'-lS sec nm_l km_l)
will arise from the second derivative dZC/dAz. This

dispersion is negligible compared to material and
waveguide chromatic dispersion3 even in highly-stressed

polarisation-maintaining fibres.

6.2.4 Measurement of polarisation-dispersion

It is difficult to measure the polarisation mode-
dispersion ATO in a linearly-birefringent fibre directly
in the time—-domain because of its very small value.
However, according to the definition of ATO given by
equation (6.1), AT _ may be obtained by measuring fibre

© 15, 31, 49, 50
birefringence AB as a function of wavelength ™' ! ! .
Thus:
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At = = ﬁ: . 1%65 . 320 . déﬁB) pskm_l
(6.6)
where
A = wavelength in microns
c = velocity of light (ms_l)
L = length of fibre used (m)
AB = Dbirefringence of fibre in degrees m

Measurements based on this approach were carried out in
fibre sections about 1.5m long using the tunable Raman
system described in sub-section 3.5.2. Typical
birefringence results obtained in two nominally-round
telecommunications—-grade fibres BPOl and VD319, are shown
in Figres 6.6 and 6.7 respectively. For each fibre the
linear birefringence AB is shown. A small rotation
attributable to frozen-in twist was observed but its
effect neglected on the grounds that the birefringence
is little changed by such small twists (see sub-section
4.6.4).

In each case, the second-order Chebyshev fit is shown.
The birefringence of BPOl is relatively small and
yields a polarisation-dispersion from equation (6.6)
of only 0.26 pskm_l at A = l.ipm. By contrast, the
birefringence of VD319 is much higher, yielding a polarisation
dispersion of 5.15 pskm_l at 1.3um. The polarisation-
dispersion as a function of wavelength for this fibre is
shown in Figure 6.2 (dots).

Similar experiments to measure the wavelength

dependence of birefringence to obtain polarisation-dispersion

) 4
have been reported in a fibre with an ellipticity of 0.35 9
and in twisted fibres32.
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The values of dispersion measured in VD319 and BPOl
(¢5ps/km) are typical of nominally-round telecommunications-
grade fibres with low core-cladding index differencest.
However, in a long length of fibre, random mode-coupling
may average this dispersion to give a much smaller
effective value over the fibre length (see sub-section
6.2.2). In this instance, the polarisation-dispersion

63, 64, 2 and

is no longer proportional to length
measurements using the above method encounter difficulty

as indicated in ref. 50. Measurements of polarisation-
dispersion in fibres with mode~coupling or length-

invariant properties cannot be performed by observing.

the output polarisation state. Instead, we must observe

the temporal coherence of the fibre output as the

input state is varied, thus effectively "integrating"

the dispersion over the whole fibre length. Either a
modulated light source65, or an interferometer to compensate

for the relative group-delays at the output66' 67.

65, 68, 69

The depolarisation of the output as a function

of the source spectral-width may be utilisedz.
Measurements using these techniquesso' 66 in
telecommunications—grade fibres give ATO: 1pskm—l, a
value considerably lower than that measured in short
lengths - indicating that mode-coupling does indeed occur.
In contrast, measurements in lkm-long high-birefringence

fibres65’ 67

produce ATO values of ~ O.lns/km which are
proportional to fibre length, indicating negligible
coupling., Although one mode may be transmitted, any
coupling into the unwanted mode at bends, twists or at
- , . , . . 70

joints with misaligned principal axes can severely

limit the fibre bandwidth.

6.2.5 Polarisation—-dispersion in twisted and spun fibres

As shown in Chapters Four and Five, twisting or
spinning a linearly-birefringent fibre uniformly couples
the two linearly-polarised modes. These modes exchange
power along the fibre (see equations (4.5) and (4.6)).

Because the coupling is deterministic and length-invariant,
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32, 48, 71

new fibre normal modes may be found These new

eigenstates are elliptically—polarised65 and are given

by equation (4.22) 72.

U1,2 = [Q(z) - i(p * ¢l+p2l§(z)],exp [i(gﬂ + Y)J

b -
(6.7)
where
_ AB
Y =y (6.8)
v =% /082 + 4(g-a)? (6.9)

and AB is the intrinsic birefringence of the fibre,
£ the twist rate, o the twist—-induced rotation

= g' £ and Q(z) and §(z) are unit vectors along the
x and y axes in the twisted co-ordinate system. BS
is a common phase factor given by B§=%(Bx + By)where
B, By are the propagation constants for the two

X
linear modes of the untwisted fibre.

The normal modes define the polarisation mode-
dispersion for a twisted or spun fibre. To first order,
the variation in the ellipticity of these modes due to
the dispersion of AB and o is negligible, particularly
at high twist rates (p << 1) when these modes are almost
circularly-polarised. The modes may be considered to
have a fixed polarisation state with a relative difference
in propagation constants of 2y. The polarisation-dispersion

becomes:

at = 2,427 (6.10)
prT = [p Aty - 2 §~%%] (6.11)
3
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The final term represents the dispersion of the
stress-optic twist—-induced rotation o (see sub~section
6.2.3). ATO is the dispersion in the untwisted linearly-
birefringent fibre given by equation (6.1).
For a large twist or spin rate (£ >> AB) we obtain,
using equation (6.4):

2z do

- AB - 2z, da y
AT = ZgwaATo - ak (6.12)

Spun Fibres:

For a spun fibre o = 0 and equation (6.12) becomes
(for & >> ARB).

_ A ,
At = 5E ¢ ATO (6.13)

>w

|

m

Because the modes of a tightly-spun fibre are circularly-
polarised, this expression also follows directly from
equation (4.33) by differentiating the rotation Q(z) in

a spun fibre.

Therefore spinning a fibre to produce low-birefringence
gives the additional advantage that the polarisation
mode—-dispersion may be reduced by up to two orders of

magnitude in inverse proportion to the spin rate.

The result predicted by equation (6.13)
represents the reduction in dispersion to be expected in

any two-mode guide with deterministic mode—coupling43.

) Measurements of polarisation-dispersion in a spun
section of fibre VD319 were performed as described in
sub-section 6.2.3. Figure 6.7 shows the linear birefringence
as a function of wavelength for both unspun and spun sections
of this fibre. The linear birefringence of the spun

fibre remains small at all wavelengths. The circular
rotation (not shown) is also small. Because the normal

modes of a spun fibre are circularly-polarised, the

derivative of the rotation was used to evaluate the
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polarisation—dispersion)as previously discussed.
In this fibre At was estimated to be ~0.06 ps/km.
This is a dramatic reduction compared with the value

of 5.15 ps/km at 1.3um in the unspun fibre.

A spun fibre is evidently highly suitable for
high-bandwidth communication.

Twisted Fibres:

Twisting a fibre influences the dispersion ATO
in the same way as spinning. However, the photo-
elastic dispersion now becomes significant. In a highly-

twisted fibre the linear birefringence is quenched to

give:
ac =22 G0 (6.14)
d(cC
=2z ag'_ 5 z /n) on
ATC =T £ . ax = 2 S~ Tax - = (6.15)

Figure 6.8 shows the dispersionJATC[calculated using
the results for g' (Figure 6.5) obtained in a
twisted, spun fibre. For comparison, the results for bulk
silica calculated from equations (6.3) and (6.4) are also

shown.

A dispersion of ~2.2ps/km is found in a twisted fibre
at A = 1l.3um which is comparable with the dispersion in
a nominally-round telecommunications—-grade fibre. Thus
far from reducing the dispersion of conventional fibres73,
a twisting produces considerable dispersion which, since
these fibres have poor polarisation-maintenance
propertie§74 will result in significant bandwidth

reduction.
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6.3 Temperature Dependence of Birefringence

The temperature stability of a fibre sensor device
or isolator is heavily dependent on the variation

of fibre birefringence with temperature27' 28, 75.

The thermal expansion-coefficient of silica and
doped silica is extremely small (~10"7 - 107° k1) 76,
while the change in refractive index with temperature

is of the order ~lO_5 K—l 59. The birefringence B

due to core ellipticity which is defined by the y
core dimensions and core-cladding refractive-index
difference is therefore not expected to be temperature
dependent. On the other hand, the stress giving rise

to birefringence BS is a strong function of

temperature.
The stress contribution Bs can be expressed as3l
_ CE _
By = To5 (e -a) AT | [x] (6.16)
where
E = Young's modulus,
01 o = expansion coefficients of stress-inducing
, .
glasses,
AT = difference between room temperature Tr
and Tsjthe lowest fictive temperature
of the constituent glasses of the fibre.
[X] = a factor depending on the fibre geometry,
v = Poisson's ratio, assumed constant.

The temperature coefficient of stress~birefringence is obtained
by differentiation:

dBS
daT

(6.17)
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Data on 0q and o, in fibre glasses is scarce and it is
frequently assumed that the expansion coefficient of a
doped silica glass is proportional to the dopant
concentration as in bulk samples76. However, the vastly
different thermal history of glasses in fibres compared

to bulk samples can be expected to have a marked effect

on thermal expansion coefficient. Furthermore, the dopant
concentration in a fibre fabricated by the CVD technique
is not accurately known (see Section 4.2). The values of
AT is particularly sensitive to thermal history and is

largely unknown in fibres and is frequently estimated77

from bulk sample Values45' 78, 79.

Since the elastic properties of doped-silica are
generally assumed not to depend sensitively on doping45,

the bulk silica values for Young's modulus E58 and

its derivative dE/dT80 are considered to be good estimates
of the parameters for fibres. Due to the lack of data on
the temperature dependence of C in glasses, the temperature
variation of the twist-induced rotation g' was measured

in a twisted, spun fibre,28 using the procedure described
in sub-section 6.2.3. The temperature dependence of C may
be obtained from measurements of g' versus temperature,

using the derivative of equation (6.4):
dn
ac -1 (P dg'
aT Ro [g T + nc(T). dT‘] (6.18)

The variation of g' with temperature was determined
at a wavelength of 1.06um in the same length of spun fibre
used to measure g' versus wavelength in sub-section 6.2.3.
As previously, five turns of twist were applied to the
fibre. The tube furnace described in/Chapter Three was
used to Qary the average temperatures along the fibre
from 20-180°C. The measured variation of g' is shown in
Figure 6.9, with a first-order Chebyshev fit. The stress-
optic rotation coefficient g' varies linearly with
temperature over the range shown, with a slope dg'/dT

of 8.95 x lO—6I<—l. This yields a temperature coefficient
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1/9'. dg'/dT of 1.27 x 10 K_l, which compares well
with the value of 0.96 x 10 % K—l reported previously

on a very similar fibre

In equation (6.18) the bulk silica values for nC(T)

and dnc/dT may be used because the fibre core has a

very low dopant concentration (3.4m/o) 28. From

Malitson>> dnc/dT =10.93 x 10°% g1 at T = 25°C ana

1.064um. This yields from equation (6.18), dac . -4.31 x 10~

SR dT
m2 kg gl at A = 1.064pm and T = 25°C.
dC

The only other published value of
-15 2 -1 -1 dT
is -3.34 x 10 m~ kg K for a high silica bulk

glass with composition 67.5% 8102 15.4% BZO , 16.7% KZO'
82 3 2

0.4% MgO . The result obtained here indicates

15

known to the author

that neither doping nor thermal history significantly
affect the value of dAC/dT. The results for C and g'

are summarised in Table 6.1.

The variation of stress-birefringence with
temperature given by equation (6.17) has been measured
experiméntally in silica-core stress-birefringent fibres
as =-0.2% K—l 83. However, the percentage change in
C, l/C. dc/dT is + 0.0134% K_l from our results. The
temperature dependence of C makes a small negative

contribution to the variation of B_. with temperatureB4

In fact, insertion of these valuessand the values for
bulk silica of E = 7.45 x 10° kgm 2 58 and dE/dT =

1.03 x 10° kg m™% k7 8% na AT = -1000°C %% into
equation (6.17) reveals that the variation in expansion
coefficient difference &) =0, is a significant contribution

to the temperature dependence of B Unfortunately, the

S'
scant knowledge of expansion coefficients in doped silica

glasses prevents confirmation of this.

The temperature variation of birefringence affects
most fibre sensor applicationszS. Although a spun fibre
has no temperature sensitivity of its own, the bending and
twist used to provide controlled birefringence for
sensing (see Chapter Five) are temperature sensitive.

. . . . 75
For example, controlled bending is used in isolators ,
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polarisation controller523, filters24 and sensorszo’ 21.

The bend birefringence 6BB for a fibre of outer radius

r bent to a radius R'is

_mEC ,r. 2
GBB = —X"'%TQ (6.19)

from which the fractional change in bend birefringence is

obtained:
1 14dc 1 4
d (6Br)e =3~ = (5 55 + = 55) (6.20)
T B SBB C dT E dT

Evaluation of equation (6.20) at 1.064um 28, 80

gives 0.027% K1 which is considerably less than the
value of 0.063% K_l previously reported in a similar
fibreBl at X = 0.633um. However , the former result
is confirmed by measurements of bend birefringence in
74,85 at ,633um. The

temperature dependence of bend birefringence gives an

operating range for the isolator of about 20°C. The

a 40 turn Faraday isolator coil

variation will similarly affect the operation of other

fibre devices based on controlled bend-birefringence.

Fibre devices based on twisting a fibre such as
the twisted fibre Faraday-effect current transducer22
are also temperature sensitive. The variation in g'
with temperature given in Figure 6.9 should result

in a substantial zero drift22 in this current transducer.

A 10.37m coil with 15 turns/m twist22 would,
from our results, exhibit a variation of the output
plane of rotation of 0.5 ° K_l. The variation observed
in practice was considerably higher and thought to
arise from the fibre coating used86. A twisted fibre

. . . . . . 713
which maintains circular polarisation

will also
exhibit a variation in the output polarisation direction
with temperature. This is expected to cause severe
operational problems in coherent transmission systems12

and interferometersl
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6.4 The Separation of Stress and Waveguide Birefringence

Isolation of the relative contributions to
intrinsic birefringence due to stress and waveguide effects
can further the understanding of birefringent fibres and
assist in their design and fabrication. The total
birefringence is the algebraic sum of the two effects.

However, whereas the sign of B, is a fixed relative

G
to the core minor axis, BS can have either sign4l.

Fibre geometry and refractive-index profile
measurements provide an obvious means of calculating BG
and BS 87. These techniques,.however, have severe draw-
backs because the accurate determination of core
ellipticity, particularly at low ellipticity values,is
difficult and an accurate knowledge of the core-cladding
index grading, the fibre V—value88 and A' value as
well as a detailed thermal stress-model for the fibres are

required77’ 78, 79.

More viable alternatives for isolating the
stress and waveguide effects may be obtained by exploiting
their respective dependences on temperature and wavelength.

Since the waveguide-birefringence B, is virtually

independent of temperature, measuregents of fibre
birefringence as a function of temperature in principle
yields BS via equation (6.17). However, the scant
knowledge of the thermal properties of the fibre preclude
obtaining quantitative results. Nevertheless, estimates
of the magnitudes of BS and hence BG as well as

their signs may be obtained, by observing the trend of
total fibre birefringence B with temperature since BS
generally decreases with temperaturesg—which must be
kept below 200°C to avoid altering the structure83.
The expected trends cf B measured relative to the fibre
core minor axis are shown in Table 6.2, for wvarious
possible combinations of Bg and BG' Note that Ba is always
positive with respect to the minor axis, while BS can be of

either sign. When Bg is positive B falls as the temperature
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increases (cases 1 and 3). In contrast B rises towards
more positive values with increasing temperature if BS
has the opposite sign to B (cases 2 and 4). The
overall sign of B or the trend in |B| distinguishes

between cases 2 and 4.

Figure 6.10 shows the birefringence observed as a
function of temperature in an elliptical-core high-
birefringence fibre39 (the cross-section is shown in
Figure 4.11 (b)). The least squares fit shown clearly
indicates that case 1,2 0r 3 of Table 6.2 applies.

However, the fibre geometry predicts a value for B
only 15% below the overall birefringence measured3 .
This would seem to indicate that B, is a relatively small

S
contribution and that case 1 applies.

Another result, obtained in a low-birefringence
fibre (BPOL) °°, is shown in Figure 6.11. In this case
|B| rises with an increase in temperature indicating
that this fibre must be classified under case 4. The
result therefore suggests simply that the stress
birefringence partially cancels a much larger waveguide

effect.

The different variations of ABS and ABG with

fibre V-value (or wavelength) shown in Figure 6.12

can provide a quantitative means of isolating the two

effects in a fibre32’ 49. Measurementsof fibre birefringence
are usually taken over a limited wavelength range and it

is assumed that ABS and ABG are both linear functions
of V-value 2’ >0 “The subsequent separation of ABG and

ABS using this assumption relies heavily on both the
accuracy of the measurement and careful interpretation of

the dataBl’ 50. Alternatively, AB. may be assumed constant
over the range of wavelengths used 2. ABS is evaluated by
extrapolating the curve for B to zero V—value6o' 32.
This not only magnifies experimental errors but also

endangers the validity of the assumption of constant ABG.
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An alternative technique has been developed31 which
exploits the zero polarisation-dispersion due to BG
(see Figure 6.1). This point occurs at a V-value
just beyond the second-order mode cut-off depending on

the core ellipticity34’ 36

; close to the normal range
of V values used in PMD measurements and requires only
a small extrapolation of the PMD data obtained by

differentiating the birefringence vs,wavelength results

(sub~section 6.2.4). The technique however, has several
disadvantages:
(1) differentiating birefringence is particularly

susceptible to experimental error;
(ii) the estimate of the fibre V-value may be inaccurate88
(1ii) the core ellipticity is required and
(iv) a step-index fibre is assumed.

However precise ellipticity measurements are unnecessary
for values less than ~10% since the zero-dispersion

point is always close to V = 2.47 in such cases.

Having determined zero-dispersion point; BS

may be evaluated using equation (6.2). The theoretical
curve for PMD due to the wavequide effect (Figure 6.1)

is then fitted to the PMD data to obtain BG' A typical
result for PMD in a fibre (VD319) is shown in Figure

6.2 (dots). This fibre had a core-ellipticity below 10%
and so the zero-dispersion point could be evaluated
directly from the cut-off V value, obtained by the
polarisation-extinction methodgo. Extrapolation of

the dispersion data to V = 2.47 yields a dispersion of ,

2.565 ps/km giving a stress birefringence BS = 7.2 x 10

at A = 0.93um, from equation (6.3) and Figure 6.4.
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Note that because the dispersion at V = 2.47 is positive,
BS is positive i.e. its fas£ axis lies parallel to the
core minor axis. Had the dispersion been negative,

BS would also have been negative. The upward trend of
dispersion from the "zero point" with decreasing V value
indicates that the ellipticity birefringence is also
positive as expected. The solid line shown on the Figure
was obtained using the value for A' of 0.5% from

the refractive-index profile and predicted a core ellipticity
of 4.3%, compared with the measured ellipticity of ~ 3

per cent. At a V value of 1.82 (A = 1.3pm) the stress and
ellipticity contributions are calculated to be

Bg = 7.0 x 10—7 and By = 1.8 x 10—7.

6.5 Summary

This Chapter has examined the effect of source
wavelength and ambient temperature on the properties of
birefringent fibres. The variation of fibre birefringence
with wavelength gives rise to polarisation mode-dispersion
(PMD) which can limit the overall bandwidth, particularly
in the absence of chromatic dispersion, or when using a
monochromatic source. PMD can be reduced or eliminated
by using an ultra-low birefringence fibre, or a strongly-
birefringent, polarisation-maintaining fibre. It has
been shown that the stress-optic effect, upon which so many
fibre birefringence phenomena depend, is also dispersive,
contributing about 10% to the dispersion of a stress-
birefringent fibre. 1In contrast, the dispersion in a twisted
circularly-birefringent fibre is entirely due to the stress-
optic effect.

Mode-coupling plays an extremely important role in
determining the polarisation mode-dispersion. Random
mode-coupling causes a sub-linear dependence of PMD on
fibre length. On the other hand, uniform deterministic
mode-coupling, introduced for example, by fibre twisting,
redefines the fibre normal modes. The dispersion between
the new modes is linear and is reduced compared to the

untwisted fibre by a factor proportional to the fibre twist.
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As already indicated, twist introduces a stress-optic
dispersion. However in a spun fibre no such dispersion
exists resulting in a negligibly-low PMD value.

These fibres are expected to find considerable applications

in high-bandwidth communication systems.

A novel technique for PMD measurement, based on the
variation of fibre birefringence with wavelength, has been
described. In the presence of mode-coupling this
method is no longer applicable and other measurement

techniques must be used.

The variation of fibre birefringence with temperature
arises from changes in stress and the temperature dependence
of the stress-optic coefficient C. The latter can
considerably affect the operating temperature range of
many fibre devices or sensors based on controlled

birefringence.

Finally, several techniques to isolate the waveguide
and thermal stress contributions to fibre intrinsic
birefringence have been discussed and demonstrated in
principle. These methods exploit the temperature and
wavelength effects already discussed in this Chapter.

It appears that these techniques, which are currently
subject to considerable error, could be made sutficiently
accurate to yield quantitative results.

However , at present the diagnostic information produced
by these techniques is invaluable for the understanding
of fibre birefringence and in the improvement of the
production of birefringent fibres.
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CHAPTER 7 CONCLUSION

7.1 Summary and Conclusions

The research programme described in this thesis
has considered several aspects of birefringence in single-
mode fibres. An overall view is now given of the

themes of results described in the previous Chapters.

Fibre birefringence arises from intrinsic
asymmetry and from extrinsic sources such as bending
or twist. The latter results in essentially random
fluctuations in the output polarisation state, thus
producing polarisation noise in interfometers and
polarisation sensitive (e.g. coherent) detectors.

In addition, birefringence can introduce polarisation
mode—-dispersion which limits fibre transmission
bandwidth. However, the unique environmental and
electromagneticl sensitivity of single-mode fibres can

be put to good use in a fibre sensor.

In the systematic study of these effects which
was described, the approach has been to make a theoretical
study of a given phenomenon and subsequently confirm the
results experimentally. By combining Jones Calculus
and mode-coupling analysis, a powerful method for
predicting the'measured birefringence of a fibre has
been developed. This method has been used to interpret
the effects of bends, side pressure, twist, and magnetic
fields on fibres with intrinsic linear or circular

birefringence.

The study has repeatedly confirmed a most
important concept in the subject of birefringence;
"the degree of polarisation immunity from the environment
(polarisation-maintenance) depends on the relative
magnitudes and spatial periods of the intrinsic fibre

birefringence and that produced by the external effects".
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Thus high-birefringence fibres can provide stable

output polarisation states, with the(usually)small

power coupling between their modes avoiding the

large polarisation-dispersion generally observed in

these fibres. In contrast, a low-birefringence

fibre is very sensitive to the environment, because

its modes are easily coupled by extrinsic perturbations, but
the polarisation—-dispersion is small. Between these
extremes, mode-coupling is significant and the

substantial polarisation-dispersion is brought into play.

In consequence, selecting a fibre for a practical
application involves a choice between high-birefringence
(polarisation stability) and low-birefringence
(environmental sensitivity), and fibre development has

concentrated only on these types.

Several different fibre birefringence measurement
techniques, to span the enormous range of birefringence
observed in fibres/have been evaluated in the present
work. Furthermore, a new technique employing a photo-
elastic modulator has been adapted from standard
ellipsometric methods to cover the entire range and
provide faster and more sensitive measurements than

previously possible.

The production of ultra+low birefringence fibres
has been discussed in detail. A new process called
'spinning' has been developed as a direct consuedgence
of the investigation of twisted fibres. 'Spin' is a
frozen-in twist, applied during drawing by rotating the
preform, which averages the local asymmetry to produce
near-perfect overall symmetry, and reduces polarisation-
mode dispersion to negligible levels. The spinning
process is such that low-birefringence may be obtained
in any type of fibre with very high yield, and with
no significant compromise to other fibre properties such

as chromatic dispersion and attenuation. Spun fibres are
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thus extremely suitable for ultra-high bandwidth
polarisation-insensitive communication and being very sensitive
to external effects are eminently suitable for

sensors.

The development of high-birefringence fibres
however, is by no means as advanced. The analysis of
the fibre response to external effects presented here
indicates that special cable structures
for adequate polarisation-maintenance and beat lengths
of ~5mm are necessary for the successful use of
these fibres. The latter requirement can be regarded

as a target for future production of such fibres.

Polarisation mode—-dispersion has been
studied by observing the variation of fibre birefringence
with wavelength. Mode-coupling can be extremely
effective in reducing dispersion with the result that
long cable links generally have a much lower dispersion
than might be expected from measurements in short lengths.
Thus, nominally-round telecommunications fibre cables
experience little bandwidth limitation at present
140 Mbit/s data rates. Future bit rates of 1G bit/s
may well require the adoption of fibre spinning to reduce

polarisation dispersion.

The variation of birefringence with temperature
can significantly limit the operating range of fibre
sensor devices employing controlled amounts of
birefringence, whereas it may be exploited to isolate the
intrinsic waveguide and stress birefringence contributions
for diagnostic purposes. A similar method using wvariable

wavelength has also been demonstrated.

7.2 Suggestions for Further Work

There are several topics covered in this thesis

which still warrant further research.

Although the development of low-birefringence 'spun'
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fibres is largely complete, further improvements and
adaptions of the process for large-scale production are

required.

The development of high-birefringence fibres is still
underway and the fabrication process is at present
complex and unrepeatable. In particular, the analysis
of thermal-stress birefringence in asymmetric fibre
structures and the role of the cladding stresses need
further attention. Evaluation of their attenuation
and jointing properties is also required. Considerable

research is required to characterise
high-birefringence fibres in terms of their polarisation-

holding parameters. Improvements in beat-length
measurement techniques are urgently needed particularly
at wavelengths beyond the visible region. A number of
possibilities exist. The periodic variation in the
output state as the wavelength is changed (beat-counting)
or as a small local birefringence modulation is scanned
along the fibre could be utilised.

Characterisation of typical extrinsic disturbances in
fibre cables is also required. It may be possible

to use POTDR (see Chapter Three) to observe the increase
of the power in the unwanted mode along the fibre at
specific points of disturbance. If the spatial resolution
of the technique can be improved, data on the spatial

periodicity of natural disturbances may be obtained.

Evaluation of stress and core-ellipticity
contributions to fibre birefringence using the methods
proposed in Chapter Six will assist the development of
high-birefringence fibres. Further improvements in
fibre V-value measurements and the evaluation of the
thermal and dispersive properties of glasses in fibres
are necessary in order to fully exploit the potential

of these methods in fibre fabrication diagnostics.

The measurement of birefringence using the
photo-elastic modulator has been little more than

demonstrated in the text. The system has now been
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characterised and the performance is as good as that

predicted theoretically.

Perfect polarisation-maintenance is unattainable
in high-birefringences fibres but this is not the case
for single-polarisation fibres2 since one mode is un-
guided. Considerable work on the development of
single-polarisation fibres is required, howéver, before
they can compete with, or replace, existing high-

birefringence fibres.

The field of fibre sensors3 is another exciting
and potentially profitable future research area which
was not considered within the scope of the present study.
However, a thorough understanding of the polarisation
response of fibres to external effects has now been
established (see Chapter Five) and fibre sensor design
is a logical extension of the work.

This would go hand-in-hand with the development of
integrated-optic and single-mcde fibre optic components4
such as couplers, polarisers, modulators, de-polarisers,
towards the realisation of solid-state fibre sensor

devices.

7.3 Recent Developments

During the preparation of this thesis there have
been several advances made in the areas of further study
outlined in the previous section. A principal research
objective in many laboratories throughout the world
is now the production and characterisation of ultra-
high birefringence fibres. This follows the achievement
of sub-millimetre beat lengths in both stress-
birefringent5 and elliptical-core fibresG, with reasonably
low losses. Both complex numerical methods and simpler
analytic treatments7 have been developed to determine
the stress-birefringence in various fibre structures such

as the elliptical-jacket fibres. The analytic method
mentioned has indicated the existence of an optimum
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structure to give the highest birefringence for given
fibre dopant levels. Very close approximations to this
structure can now be routinely obtained in practice.
These "bow-tie" structures (so-called because of

the shape of the stress-applying jacket region) exhibit
beat lengths often around lmm, the best obtained so

far being O.6mm. Furthermore, losses of 1:8dB/km at

1050 nm have been obtained. Efforts are being currently
made to improve the reproducibility and performance of

these fibres.

In conjunction with this fabrication programme,
methods of characterising the properties of high-
birefringence fibres are also being investigated.

The measurement of birefringence using the output
polarisation state as described in Section 7.2 has
been demonstratedS. A similar but more sensitive
method of "beat counting" employing the photo-elastic
modulator described in Chapter Three has been used

to study the thermal aging properties of "bow-tie"
fibresg. Not only has the technique proved extremely
accurate, but also the dual retardation outputs

allow complex beat length hysteresis effects to be

observed.

Development of fibre devices such as the "resonant"
Faraday isolator described in Chapter Five has also
been undertakenlo. The performance of this particular
device is at present under evaluation but it appears that
compact devices with isolation ratios in excess of
40dB can be manufactured relatively easily. Other devices

are also being investigated.

The intense activity in the field of fibre inter-
ferometric and polarimetric sensors continues3. In
particular, schemes for reducing the sensitivity of
sensors to temperaturell and also noise and drift

in interferometers have been implemented.
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7.4 Concluding Remarks

The objective of the research programme has been
to extend and broaden the understanding and knowledge
of the birefringence properties of single-mode fibres.
This objective has been achieved in several areas.
Results obtained may be and have been directly applied
to practical fibre and sensor design. As a consequence
of the present work, it is now possible to manufacture
low-birefringence and high-birefringence fibres on a
routine basis. Both types are now in great demand for

a wide variety of applications.

The understanding of length-invariant extrinsic
effects is now such as to produce a sense of direction
and make a more theoretical approach to the design and
operation of fibre sensors possible. However, the
characterisation of non-uniform extrinsic effects in long

fibre cables is still in its early stages.

In the future, research into birefringence will
undoubtedly shift its emphasis from the basic
conceptual groundwork covered so far to the practical
application of birefringent fibres in fibre sensors and
communications. Continued activity and growth in the

subject is inevitable.
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APPENDIX

TRANSFORMATION OF A JONES CALCULUS EQUATION TO OPERATE
IN CIRCULARLY-POLARISED MODES

The Jones equation for a circularly-birefringent
fibre under the influences of a linear birefringence in
terms of linearly-polarised vectors AX' and A ' is

written (Equation (5.31)):

[} —ITk ¥
Ax (z) G H Ax (0)
= (A.1)
A Z H G* AT 0
y() ( y()
where, in general terms,
G=u+1iv (A.2)
H=8s+ 1+t (A.3)

X
superposition of two left- and right-circularly polarised

components with amplitudes Al(O) and Ar(O) respectively.

A_' (0) and Ay' (0) may be represented as a

The input Jones vector A" (0) may be written as:
X
A_' (O
v (0)
] -—
AX (0) Al (0) i Ar (0) i
= + .
A, (0) 2 1 v 1

(A.4)



The output vector AX' (z)| may be

circularly-polarised output vectors

The matrix equation (A.l) becomes:

iA;, (z) - 1 Ar (z) G -H*

1
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(A.5)

similarly resolved into

(A.6)

Multiplying out and equating real and imaginary parts

yields:
Al (z) = [Al (0). u + Ar(O) t] + l['Al (0) s -~ Ar(O) \i
(A.7)
Ar (z) = [Ar (0. u - Al(O) t] + i[—Ar (0). s - Al(O). v
(A.8)
i.e. -
Al (2) P =Q* Al (0)
= (A.9)
Ar (Z)_ Q p* Ar (0)
where
P=u+1is (A.10)
Q=-t - iv (A.11)
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The matrix equation (A.9) is the new description
of the fibre in circularly-polarised modes. The general

transformation from linear to circular modes is the

transformation equation (A.l) to equation(A.9)l.

For the specific case under consideration, in equation

iB

{(5.31) the common phase factor e s? is neglected giving:

u = cosyz (A.12)

v = —8P sinyz. cos 20 (A.13)
V1 +p2

-1 .

s = ——— ., sinyz (A.14)
V1 +p2

t = —L sinyz. sin 20 (A.15)
vl +p2

where vy and p are defined in equations (5.34) and (5.35)
respectively. From equations (A.10) and (A.11l):

P = cosyz -~ 1 N sinyz (A.16)

V1 +p2

Q = ——— \isinyz . e (A.17)

Thus the matrix equation (5.37) for a circularly-
birefringent fibre subjected to a linearly-birefringent

disturbance has been derived.
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