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SUNNARY.

This graduation report describes the fabrication of polarization

maintaining and polariza t ion-spl itt ing fiber opt ic 2X2 couplers.

The graduation work has been carried out at the Eindhoven Univer

sity of Technology in co-operation with the Philips Research Labo

ratory.

The technique used for fabricating the fiber couplers, was the

fused-biconical taper method. The fibers used in the experiments

were so-called PANDA high birefringent polarization-maintaining

fibers.

Nowadays, polarization-splitting fiber couplers made of PANDA fi

bers are commercially available. These couplers are fabricated

using a polishing and etching technique. It has been a challenge

to realize a polarization-splitting fiber coupler using the fused

biconical taper method. Polarization-splitting coupler fabrication

using PANDA fibers and applying the fused-biconical taper method,

has not been reported so far.

In this report, the optical properties of the PANDA fiber, the

coupling mechanism between two optical fibers, the measurement

set-up as well as the fabrication technique are described.

Coupler fabrication using PANDA fibers has shown to be rather dif

ficult due to the geometrical structure of this fiber. Only one

I low loss I polarization-maintaining 3-dB coupler has been

realized. The polarization characteristics of this coupler are

reported.
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1. Introduction to the applicability of polarization-splitting

optical fiber couplers.

Optical fiber communication has gained interest because of the

technical specifications. Low attenuation and high transmission

bandwidth are the major advantages over conventional communication

systems. Modern single mode optical fibers are designed to operate

at a wavelength of 1550 nm because of the very low loss which can

be achieved, typically about 0.2 dB/km [1]. A bandwidth-distance

product of about 100 GHz'km is possible, with an appropriate choi

ce of laser diode, optical fiber and coherent receiver.

conventional receiver systems use IM/DD, intensi ty-modulation /

direct-detection schemes. The IM/DD schemes have a great advantage

in system simplicity and low cost [2]. However, IM/DD receivers

are not applicable in long haul optical communications due to at

tenuation of the information carrying signal power. The output

current of the photo detector of a ASK modulated signal can be

written as

i(t) = R p(t)

where R is the detector responsivity and p(t)

sp(t) is the ASK modulated optical power.
= 2

k

(1.1 )

s (t-kT), wherep

For long haul optical communications coherent techniques are used.

Coherent receivers, whether homodyne or heterodyne, offer a higher

receiver sensitivity (10-25 dB) at the 1.5-1.6 #lID wavelength re

gion [2]. The more sophisticated coherent receivers are the so

called phase diversity receivers and polarization diversity recei

vers used in coherent optical communications. The key feature of

these receivers is that the attenuated optical information carry

ing signal is multiplied with the (linearly polarized) signal of a

local oscillator. Properly designed coherent receivers are less

sensitive to phase noise terms and the relative intensity noise of

the local oscillator can be eliminated. Amplification of the in-
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formation carrying signal by the local oscillator signal and sup

pression of the relative intensity noise of the local oscillator

offer the coherent optical communication system a much higher sig

nal to noise ratio than the IMIDO system.

Fig. 1.1 shows a coherent phase diversity receiver [3]. In this

figure, the state of polarization (SOP) of the information carry

ing signal and the local oscillator signal are supposed to be mat

ched.

SIGNAL _ .......--1

LO_-1....-_-,

Fig. 1.1: Phase-diversity receiver.

Suppose ASK modulation and linear state of polarization of the

local oscillator and the information carrying signal as well. The

output power at the photodiode can be written as [3], [4]

(1. 2)

where d is the binary signal, R the detector responsivi ty, Plo '

wlo and ~lo the power, the angular frequency, and the phase of the

local oscillator, respectively and P , W and ~ the power, thes s s
angular frequency and phase of the information carrying signal, e
the angle between the states of polarization of the signal and

local oscillator and wIP the intermediate frequency wlo-ws .
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For homodvne coherent receivers WI = W and ~l =~ , for heterodyne
- 0 S 0 S

coherent receivers, WI ~ w. Homodyne receivers give better BERo s
specifications, but require phase locking. Homodyne receivers may

degenerate if ~lo-~s= ~, Le. the receiver is useless. Moreover,

phase locking is very difficult to realize.

To achieve a maximum signal to noise ratio, the state of polariza

tion of the optical signal and the local oscillator have to be

matched, i.e. e=o.

Nowadays, conventional single mode fiber is used for long haul

optical communications. In these fibers, the state of polarization

of the information carrying signal is not maintained along the

fiber.

This implies that control of polarization is necessary. Control of

polarization can be achieved in many ways [5]:

1: Rotatable fiber coil,

2: Fiber squeezer,

3: Faraday rotator,

4: Rotatable fiber crank.

The major disadvantages of these control systems is that they ope

rate either slowly or inaccurately or that active control is re

quired. A more elegant solution to solve this polarization control

problem is the polarization diversity scheme, in which a polariza

t ion spl itt ing fiber coupler is appl ied. The behaviour of this

kind of coupler is shown in Fig. 1.2 schematically.

Arbitrarily polarized light which is incident upon input port 1 of

the polarization splitting coupler is decomposed into two mutual

orthogonal components, i.e. the x-polarized component of the input

light is coupled to output port 3, whilst the y-polarized compo

nent is coupled to output port 4.

3



Py Py

L~, main fiber r
~ / 31

Px

/ ~
2 tap fiber 4 ---~Px

Fig. 1.2: Polarization-splitting fiber coupler .

.~ polarization splitting coupler can be fabricated by several

techniques. Commercially available polarization splitting couplers

are made using etching techniques. The goal of this graduation

work is the realization of a polarization-maintaining and polari

zation-splitting couplers using the fused-biconical taper techni

que. The fibers used in the experiments were polarization maintai

ning so-called PANDA fibers.

The couplers discussed in this graduation report consist of two

fused and tapered fibers. The fibers are labeled as the main fiber

and tap fiber respectively, the input ports of the coupler are

numbered 1 (main fiber) and 2 (tap fiber), whilst the output ports

of the coupler are numbered 3 (main fiber) and 4 (tap fiber), see

Fig. 1.2.
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2. Analysis of fundamental comprehensions.

The production of polarization-maintaining and polarization

splitting optical fiber couplers made of polarization-maintaining

PANDA fibers requires an experimental set-up which is capable of

fabricating these couplers under nearly reproducible circumstances.

There is the input angle of the polarized light which is incident

upon the main fiber. The light source available was a semi

conductor laser diode ( A = 1.519 ~ ) which emitted linearly pola

rized light. To provide comparable measurements, the input light

should be launched along one of the principal axes of the PANDA

fiber. The basic terms of the coupler fabrication are discussed in

this chapter.

2.1. Polarized light.

Transversely polarized light can be described by the motion of the

end point of the electric field vector E(x,y,z,t). The transverse

electric field can be described by [6]

A

E (x, y, z , t) = Ex (z, t) ex + Ey (z , t) ey + Ez (z, t) ez (2 • 1 )

Ex (z, t) = Ax cos (wt-kz+5x) (2.2a)

Ey (z, t) = Ay cos (wt-kz+5y) (2.2b)

Ez (z, t) = 0 (2.2c)

k = 2n/A. (2.3)

where w denotes the optical angular frequency, k the wave number,

A. the wavelength, 5x and 5y the initial phase of Ex and Ey res

pectively, and ex, ey and ez the unit vectors in the directions x,

y and z, respectively.
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Fig. 2.1 shows a possible wave pattern

z

Fig. 2.1: Transversal wave pattern of linearly polarized light.

Generally, polarized light is elliptically polarized (EP), which

can be shown as follows:

Ex(z,t) = Ax cos(wt-kz)

Ey(z,t) = Ay cos(wt-kz+o)

where 6=6 y -6x.

Ex = cos (wt-kz)
Ax

Ey - cos(wt-kz) cos 0 - sin(wt-kz) sin 0Ay -

(2.4a)

(2.4b)

(2.5a)

( 2 . 5b)

sin (wt-kz) (2.5c)

After elimination of the time dependent terms it follows

Ex r:o
Ey = Ay {Ax cos () -

which can be rewritten as

6

sin o} (2.5d)



(2.6)

which is the equation of an ellipse.

One can easily see that if 0=0 or o=n the end of the electric

field vector describes a line. If the relative phase difference 0

between the two orthogonally components Ex and Ey equals a multi

ple of n, the light is called linearly polarized (LP).

If Ax equals Ay and 0=n/2 or 0=-n/2 the tip of the electric field

vector describes a circle clockwise or counterclockwise respec

tively. Under mentioned conditions the light is called right cir

cular polarized and left circular polarized (RCP and LCP) [6], [7] .

Fig. 2.2 i llustra tes the possible s ta tes-of-polariza tion (SOP) of

monochromatic coherent light [7].

o
0=0 0=71/4 0=71/2 0=371/4 0=71

Fig. 2.2: states of polarization.
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2.2. Birefringence.

The phenomenon of birefringence occurs in optically anisotropic

media [7]. Anisotropic media have optical properties depending on

the direction. A ray incident upon a birefringent medium can pro

pagate in two different directions, depending on the direction of

polarization of the incident ray. The two rays travelling along

these directions are referred to as the ordinary and extraordinary

rays. The ordinary ray propagates with veloci ty vo=c/ no, and the

extraordinary ray wi th veloci ty Ve=C/ ne, where no and ne are the

refractive indices in the two optical directions.

Because of the two different velocities in the anisotropic medium,

the two rays become out of phase. The phase difference between the

out coming rays is used in many applications.

One of these applications is the half wave plate. The half wave

plate is an anisotropic optical device, a parallel slab of bire

fringent material with thickness d (e.g. quartz, calcite), which

introduces a phase difference of rc radians between the ordinary

and extraordinary rays [7].

The retardation of the o-ray and e-ray is expressed by ~ ~o and

~ ~e, respectively:

~ ~o
-2rc

d= -A- no

~ ~e
-2rc

d= --,;- ne

(2.7a)

(2.7b)

For the half wave plate the thickness d is such that the phase

difference ~ ~ equals rc:

~ ~ = ~ ~o - ~ ~e = -~rc (no - ne) d = rc (2.8a)

(ne - no) d
A

= "2

8
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The half wave plate is characterized by a so called optical axis.

When linearly polarized light with azimuthal angle e with respect

to the optical axis is incident upon the half wave plate, the out

coming light is also linearly polarized, but the plane of polariza

tion has been rotated over 28:

The electric field is described by:

Ex (0) = A cos e cos (w t )

Ey (0) = A sin e cos (wt)

(2.9a)

(2.9b)

where Ex (0) and Ey (0) are the components of the electric field

vector at the input plane, i.e. z=O, of the half wave plate. At

the output plane of the half wave plate, i. e. z=d, the retarda

tions of Ex and Ey are $ and $+n, respectively:

Ex(d) = A cos e cos(wt-kd+$)

Ey(d) = A sin e cos(wt-kd+$+n)

= - A sin e cos(wt-kd+$)

(2.10a)

(2.10b)

which implies a rotation the plane of polarization about 2e, see

Fig. 2.3 [8].

inpul

polarization ntane \" ,

211

linearly polarized
inpul

.,1 11
11

__0 -

..,... ....
-_. emergent plane

polarized beam
with plane of

polarization
rOlated

( crystalline oplic
axis direction

Fig. 2.3: The half wave plate.
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2.3 Polarization-maintaining fibers.

Conventional single mode fibers are used in long distance optical

communications. Theoretically, these fibers can maintain a state

of polarization (SOP) under the following conditions [9]:

1: perfectly circular fiber core,

2: no bend of the fiber,

3: no transverse pressure,

4: constant temperature,

5: no randomly varying intrinsic stress in the fiber.

Practically, none of these conditions will be met. The SOP of the

incident light can't be preserved due to random mode coupling. In

this context, random mode coupling means the influence of two

orthogonal modes HE11x and HE11Y, propagating along the fiber with

different velocities, on the state of polarization of the propaga

ting light. Random mode coupling can arise from a slightly ellipti

cal core, squeezing or bending of the fiber. All these unwanted

effects make that the optical fiber is very little birefringent in

an unpredictable way. To overcome the polarization fluctuations

along the length of the conventional single mode fiber, polariza

tion maintaining fiber has been developed.

Polarization-maintaining (PM) fibers can be classified on the

ground of their characteristics and geometrical structure as shown

in Fig. 2.4 [2].
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Fig. 2.4: Classification of PM-fibers.

PM fibers are characterized by the following parameters [9]

1: modal birefringence B or beat length Lp,

2: cross talk CTx, y

3: transmission loss.

Modal birefringence B is the difference of the effective refrac

tive index between orthogonal linear-polarization modes and is

related to the beat length Lp as:

Lp = ).1 B = 2rrl llfJ

where A is the wavelength.

11
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Only the HE11 mode is guided by a single mode (polarization

maintaining) fiber. This mode can be decomposed into two mutual

orthogonal directions x and y. In the following of this report,

these components, i.e. HEt1x and HEtty, are considered to be two

independent modes [2].

When the beat length Lp is much shorter than the curvatures along

the fiber, then the HEt1x and HE11y are nearly 100% decoupled.

Cross-talk CTx,y characterizes the polarization-maintaining ability

of a PM fiber based on random mode coupling and is expressed as:

Py2
CTx = 10 log Pxl

Px2
CTy = 10 log Pyl

(2.12a)

(2.12b)

where Pxl and Pyl are the powers of HEt1x and HE11y components of

the excited HE11 mode, respectively.

Cross-talk CTx is measured when the HE11x mode is launched into the

fiber, and at the end of the fiber the coupled output power Py2 is

measured. CTy is measured similarly. Generally, CTx and CTy are

unequal, because of the non-circular symmetry of PM fibers.

PM fibers are designed so that the two orthogonal modes are de

coupled, i.e. there is almost no coupling between the orthogonal

modes. The decoupling of the orthogonal modes is realized by ma

king the fiber highly birefringent. The PANDA fiber is a so called

linear polarization fiber. The propagation constants of HEx and

HEy modes are different. For brevity, the indices 11 are omitted.

The birefringence of a PM fiber can have three causes [9]:

1: geometrical effect

2: self-stress component

3: stress-applying parts.
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The fiber used in the experiments is a so-called PANDA fiber. The

cross section of the fiber is showed in Fig. 2.5.

x

STRESS
APPLYING
PARTS

y

CORE CLADDING

Fig. 2.5: Cross section of a PANDA fiber.

The birefringence of the PANDA fiber is a result of the thermal

expansion of the stress-applying parts in the cladding of the fi

ber. The stress-applying parts take account for an asymmetric

stress distribution in the fiber core and cladding. The stress

applying parts are positioned on opposite sides of the fiber core.

The resul t of this placement is a different refractive index in

the x-direction, i.e. nx, compared to the refractive index in the

y-direction, i.e. ny.

There is another cause of the birefringence of the fiber. The

cladding glass of the fiber is made of pure silica Si02 , whereas

the stress-applying parts are made of Si02 , doped with B20 3 and

Ge02 . Because of this different chemical composition, the refrac

tive index of the stress-applying parts isn't perfectly matched to

the fiber cladding. This effect also accounts for a difference of

refractive indices in the orthogonal directions.

In a proper designed PM-fiber, both effects (stress and refractive

index mismatch), contribute to the final refractive index diffe

rence, see Fig. 2.6 [2]:
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I 0)

x x

Fig. 2.6: Refractive index profile of nx and ny.

Because of the different refractive index profiles in the orthogo

nal directions, the propagation velocities of the orthogonal modes

are different. Therefore the PANDA fiber is characterized by two

optical axes, a fast axis, i.e. the y-axis, and a slow axis, i.e.

the x-axis, see Fig. 2.5.

The different refractive index profiles imply also different

cut-of f frequencies for the HE 11x and HE 11y modes, which can be

explained by the normalized frequency Vi [10], [11]:

2na
Vi = -A- = x,y (2.13)

where a is the core radius, n 1i and n 2i the refractive indices of

the core and cladding, respectively.

The polarization-maintaining ability of the PANDA fiber depends on

input angle e of the incident linearly polarized light. If the pla-
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ne of polarization of the incident light coincides with one of the

optic axes, the incident state-of-polarization is maintained [12].

On the contrary, when there is an input angle mismatch of n/4 with

respect to the optic axes, both HE11x and HE11y modes are excited.

Because of the short beat length in the highly birefringent fiber,

maximum interference of the orthogonal modes arises. This means a

maximum variation of the state of polarization of the propagating

light along the fiber. In the latter case, the output state-of

polarization is not predictable. Generally, the outgoing light is

elliptically polarized.

PM fibers exhibit generally a higher loss than conventional mono

mode fibers because of the large refractive-index difference and

imperfection of the core shape.
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3. Fiber optic 2X2 couplers.

3.1. Introduction.

Two methods for making fiber optic couplers are known: 1) the po

lishing and etching method and 2) the fused-biconical taper method

[13,14,15,16,17,18,19]. The fuse-taper method is a relatively

quick method which can be partly automated. A disadvantage of the

fused-taper method is that the coupling region dimensions are

small compared to those of the coupling region of a polished coup

ler.The fused-taper coupler is less sensitive to temperature fluc

tuations than a polished coupler. The glue used in polished coup

lers is very sensitive to temperature fluctuations.

Nowadays, conventional single mode fiber as well as polarization

maintaining fiber is available. Couplers made of conventional sin

gle mode fibers may have the same properties as couplers made of

polarization-maintaining fibers, e.g. polarization-splitting, but

are not capable of preserving a state of polarization. Compared to

conventional fiber couplers, couplers made of polarization

maintaining fibers require a much shorter coupling length to a

chieve the desired polarization characteristics. A disadvantage of

using polarization-maintaining fibers is the higher insertion

loss.

The coupling mechanism which explains the power transfer between

the fiber cores is the same for the conventional coupler as for

the coupler made of polarization-maintaining fibers, but differs

of the coupling mechanism which takes place in polished couplers.

For polished couplers the fiber core dimensions do not change du

ring the polishing process. Moreover, polished couplers do have a

nearly parallel coupling region. The mechanism of power coupling

which occurs in the parallel coupling region where the core sepa

ration distance is of the same order of magnitude as the core dia

meter, is called the coupled mode theory.
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3.2. Coupling between two parallel fibers.

The coupling mechanism between two identical parallel non

birefringent optical fibers can be described by the coupled mode

equations [20):

del
+ j {3 j 0dZ e l + c 2l e 2 =

de 2
j {3 j 0dZ "t" e 2 + c 12 e l =

(3. la)

(3. lb)

where e l ,2 is the electromagnetic field in the fiber 1 and 2, res-

pectively, {3 the propagation constant in each fiber without coup-

ling and c .. the coupling coefficient of fiber i to fiber j .
1J

To solve the aforementioned equations e 1 and e 2 are substituted:

"---/
c

e l = a l exp (-j {3 z)

e 2 = a 2 exp (-j {3 z)

Equations (3.1) can be rewritten as:

da
l

--- + j c a
2

= 0dz

da 2
dz + j c a 1 = 0

where c = c 12 = c 21 for identical fibers.

The coupling coefficient c is defined as in Fig. 3.1.

Fig. 3.1: Coupling coefficient c 12 , c 21 and c.

17
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The solution for a
l

and a
2

can be written as:

(3.-1a)

(3. 4b)

Substitution in Eqs. (3.3) gives:

j b
il

m
i """ j b I2 c = 0 (3.5a)

j b 2I m2 """ j b 22 c = 0 (3. 5b)

j b I2 m
i

... j b
il

c = 0 (3. 5c)

j b 22 m2 +- j b 2I c = 0 (3. 5d)

m
i

= -c (3.6a)

m2 = c (3. 6b)

With these results Eqs. (3.-1) can be rewritten:

a
l

= b
i

exp (j c z) +- b
2

exp (-j c z)

a
2

= -b
i

exp (j c z) + b
2

exp (-j c z)

(3.7a)

(3. 7b)

Assuming that optical power Po is inserted into only one fiber, at

z = 0 yields a 1 = AO' and a 2 = 0, i.e. b 1 = b 2 = AO/2:

18



AO
( ( j z) (-j z) )a 1 = "2 exp c - exp c

= AO cos (c z) (3.8a)

AO ( j z) (- j z) )a 2 = - "2 exp c + exp c

= - j AO sin (c z) (3.8b)

For the optical powers P1 and P
2

yields, with Po 2= IAO I :

(3. 9a)

( 3. 9b)

where * denotes complex conjugation.

The coupling coefficient c is defined for a parallel coupling re

gion. Generally, the coupling region is not parallel. Then the

coupling coefficient is z-dependent, i.e. c = C(z).

C(z)
z

= 1 J C(r) dr
z a

(3.10)

The constant coupling coefficient c is given as [5]

c =
/2 li u 2 KO(wd/a)

a v
3 K~(W)

(3.11)

and cladding respectively, u = a
222

v =u +w , k=2rr/A, ~ the propagation

dified Bessel function.

19
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The coupled mode theory briefly discussed here, is applicable in

case of coupler f abrica t ion using the polishing technique. The

cladding of the fibers is polished away to some extend and the

flattened surfaces are glued together. In this case the core ra

dius and the core center separation is kept constant and the coup

ling mechanism of two parallel fiber is valid.
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3.3. fused-biconical taper couplers.

fused-biconical taper fiber couplers are fabricated by fusing two

aligned fibers together using a heat source and elongation of the

fused interaction region until the desired power ratio and/or po

larization characteristics are obtained. Because of the elongation

of the coupl ing region, they can not be modeled 1 ike a coupler

with parallel fiber cores. During the tapering process the coup

ling region gets a biconical structure, the core center separation

distance varies along the coupling region and is large compared to

the core radii.

A single mode optical fiber is characterized by its V number

V = 2 IT a NA
).

(3.12)

where a is the

aperture, i.e.

indices of the

core radius, ). the wavelength and NA the numerical
I 2 2I n 1 - n 2 ' where n 1 and n 2 are the refractive

fiber core and cladding, respectively.

The solutions to Maxwell's electromagnetic wave equations are de

noted as HE , EH modes and EO and HO modes [10,11]. These arenm nm m m
the exact solutions to the Maxwell equations applied to circular

step-index profile fibers. Fig. 3.2 shows the normalized specific

phase shift of the lowest order solutions.
", r-------------------,

Fig. 3.2: Lowest order solutions to the Maxwell equations.
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For the weak 1 y guiding approximation, i. e. n 1 In 2 1'::$ 1,

solutions can be rewritten as nearly linearly polarized

des, where the LP modes are the superposition of HEnm nm
modes [10,11]

LP Om = HElm

LP 1m = HE 2m + EOm + HOrn

LP = HE .,.. EHnm n.,..l , m n-l,rn

the exact

LP nm mo

and EH nm

(3.13a)

(3.13b)

(3.13c)

For single mode fibers, V < 2.405, i.e. only the HEll mode will

exist as a guided mode.

In the non-tapered optical fiber far below cut-off the

electromagnetic field is bounded strongly to the core region. To

explain the coupling mechanism in a fused-taper coupler a model of

such a coupler is given in Fig. 3.3

n3

n3

core

core

\

\
I '
, I
I '
, \

~ ~~,---~--r~-
1~i-----------l~

I ~_-----------------\---- ,

i-----------I~
2-/\ i~ n1

I n2
!
I

I
i
i

Fig. 3.3: Model of a fused-taper coupler.
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Because of the tapering process the coupler gets a biconical

structure. The core radius becomes smaller in the coupler. This

implies that the electromagnetic field is spread out further and

further along the coupler into the cladding. At some place, the

electromagnetic field is no longer confined to the core region but

is spread out completely into the cladding and bound by the clad

ding-air interface. The composite cladding structure forms a new

guiding medium with refractive index n
2

and external medium, e.g.

the surrounding air, with refractive index n 3 .

The V number changes correspondingly

2 1£ a
V = comp NA

comp A comp (3.14)

where a is the width of the coupling region at the waist and
comp I 2 2 •

NAcomp the numerical aperture I n 2 - n 3 of the composite struc-

ture.

Around the waist of the coupling region, the composite structure

is multimode. The power transfer between the two fiber cores can

be explained by the interference or beating of the two lowest or

der linearly polarized modes, Le. LP01 and LP11. The linearly

polarized LP
01

modes is a symmetric or even mode with propagation

constant f3e , and the LP 11 mode is an anti-symmetric or odd mode

with propagation constant f3 •o

A cross-section of a conventional non-birefringent fiber coupler

is given in Fig. 3.4 ..

n3

x

n3

III

/0 ," _ .. --~ y

'~~~~~1~3---I' n3

112

Fig. 3.4: Cross-section of the conventional fiber coupler.
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The cross-section of the coupler has a s~·mmetrical structure with

two privileged directions x and y. It is convenient to dissolve

the two linearly polarized modes LP 01 and LP11 into four modes,

each polarized along whether the x-axis or the y-axis.

The propagation of the four modes are given by

The polarized input light

orthogonal components with

x-polarized mode, and ~y-~y
e 0

may be decomposed into two mutual

propagation constant ~~-~ for thee 0
for the y-polarized mode.

Fig. 3.5 shows the relation among the propagation constants.

O(3Y C)(3x, ,
--" ' ... ' ... .- e

e
~

-;>E I E

O(3Y O.px
... - ',_,' 0

.. ' 1,_: 0
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10 Y
~ (3

r
rJ) x
C e
0 (3eu

6(3Y
C

I0
~

6(3
x

10 Y .j;
OJ (3010 "-
0. x
0

(30'-
0.

Fig. 3.5: Propagation constants.
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Polarization splitting is based on the difference between the

propagation constants of the orthogonal modes of the composite

structure, i.e. ~~ = ( ~y - ~y ) - ( ~x - ~ ) ¢ o.
e 0 e 0

For the coupling ratio cx and Cy can be written [21]:

L

cx = COS2(~ J~ (jx dz)

0

L

Cy = COS2(~ J~ ~y dz)

0

D.15a)

(3.15b)

Polarization splitting is achieved when the relative phase between

the x-polarized and y-polarized mode equals n (see Fig. 3.7), i.e.

when

JL( ~y - ~y) dz = 2 m n
0 e 0

JL ( ~ - rr.x ) dz = (2n +1) n
0

e 0

or

JL ( ~y - y
) dz (2m+1)~o = n

0 e

JL ( rr.x - ~ ) dz = 2n n
0 e

D.16a)

(3.16b)

D.16c)

(3.16d)

where L is the interaction length of the coupling region.

For the PANDA fiber the different propagation constants

both the birefringence and the refractive index

stress-applying parts.

arise from

of the

If unpolarized light is incident upon input port 1, i.e.

both orthogonal modes are equally excited, then the power at

output port 3 is described by [22]
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p 1
2"

1
- +
2

1 + cos (cx-cy)L cos (cx-cy)L )

1
4 ( cos 2cxL + cos 2cyL ) (3.17)

where for the strongly fused coupler

3 Tf A
2 (

1 1 f)Cx~Cy = +
32 (1 1 f (l

2 1n 2 a + - + (n 3 /n 2 ) VV

3 Tf A 1 ( 1 2Cx-Cy = - (n
3

/n
2

)2 V16 n 2 a

(3.18a)

(3.18b)

where V = 2 ~ a I n~
of the fiber cladding

and a is the width of

2- n 3 ' n 2 and n 3 are the refractive indices

and external medium, e.g. air, respectively,

the coupling region.

Eq. (3.17) can also be deduced from the coupled mode equations of

paragraph 3.2. In the coupl ing region, two orthogonal modes are

excited. Suppose the x-polarized electromagnetic wave e 1 and the

y-polarized electromagnet ic wave e 3 in the main fiber, i. e. the

electromagnetic waves e 1 and e 3 are incident upon input port 1.

The x-polarized wave e 1 couples to the x-polarized wave e 2 in the

tap fiber and the y-polarized wave e 3 couples to the y-polarized

wave e 4 in the tap fiber.

The coupled mode equations can be written as:

del
j f3 j 0 (3.19a)-- + e 1 + Cx e 2 =dz

de 2 j f3 j 0 (3.19b)-- + e 2 + Cx e 1 =dz

de 3 j f3 j 0 (3 .19c)
dz

+ e 3 + Cy e 4 =

de 4
j f3 j 0 (3.19d)-- + e 4 + Cy e 3 =dz
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The electromagnetic waves e. can be written as:
1

e. = a. exp (-j ~ z)
1 1

i = 1,2,3,4 (3.20)

The coupled mode equations can be solved for the x-polarized and

y-polarized mode, separately:

da1 j 0 (3.21a)-- + Cx a 2 =dz

da 2 j 0 (3.21b)dz
..,.. Cx a 1 =

da 3 j 0 (3.21c)-- + Cy a 4 =dz

da 4 j 0 (3.21d)-- + Cy a 3 =dz

For the x-polarized mode the former two equations are solved, for

the y-polarized mode the latter two equations are solved.

a 1 = b 1 exp ( j cx z) + b 2
exp (-j cx z) (3.22a)

a 2 = -b exp ( j cx z) + b 2 exp (-j cx z) (3.22b)1

a 3 = b 3 exp ( j Cy z) + b 4 exp (-j Cy z) (3.23a)

a 4 = -b exp ( j Cy z) + b 4 exp (-j cy z) (3.23b)
3

The orthogonal modes are excited in the main fiber, equally

powered, i.e. at z=O (see Fig. 3.6)

a 1 (0) a 3 (0)
AO= = --
~

a 2 (0) = a
4

(0) = 0

(3.24a)

(3.24b)
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e3

main fiber tap fiber

ex

fig. 3.6: Both x-polarized and y-polarized mode are excited,

equally pOwered.

(3.25)

·~o
(cx z) (3.26a)a1 = -- cos

~

-j
AO sin (cx z) D.26b)a 2 = --
~

AO (cy z) D.26c)a 3 = cos
~

-j
AO sin (cy z) (3.26d)a 4 = --
~
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For the power in the main fiber can be written:

:': :':P . = P1 ... P3 = a
1 a 1 + a

3 a"maIn
J

:\0
( 2

z) 2
z) )= 2 cos (cx + cos (cy

AO
( 2 (2 z) (2 z) )

= :r- + cos Cx + cos Cy (3.27a)

Suppose A
O

= 1:

P . =!2 + !4 ( cos (2 c x z) + cos (2 c y z) )maIn (3.27b)

For the power in the tap fiber can be written:

= i 2 - cos (2 Cx z) - cos (2 Cy z) )

= ~ - i ( cos (2 Cx z) + cos (2 Cx z) ) (3.27c)

The powers of the x-polarized and y-polarized modes are plotted in

Fig. 3.7 for A = 1.55 pm, n
2

= 1.45, n
3

= 1 and a = 10 ~.

Px

Py

0.50

{

>. I
Q.

x 0.25
Q.

I::
r·
[: : I

I
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:: I.
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222018

coupling length (mm)

14 1612108642
0.00 L...L-.....L.JW--U--f:.-.....!...L...L.-.....u.....L....-'-'l......L......L.I.....L..-.u...J...':--u.'---'..,;,;.....l..l.".'-o1-'-I..l.;-,-,-,-,

o

Fig. 3.7: Px and Py at output port 3.
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One can see that along the coupler length the two powers Px and py

become out of phase, due to the different couplings Cx and Cy. The

relative phase difference is n at a coupling length of about

20 mm. At this point, polarization splitting is achieved. Fig. 3.8

shows the output power at output port 3, i.e. Px + py = P .maln

Couoling behaviour, a= 1Oe-6, n2= 1.45.
wavelength= 1.55e-6, after Payne

~
1\ I

I

r

II ~
I

II

I '\

I
I

I A

I I\~
I I

I \ \
I

\

I I I l V
I

I
\

\

\

\ \

1.00
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;>.
Q.
+ 0.50x
Q.
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0.00
o 2 4 6 8 10 12 14 16 18 20 22

coupling length (mm)

Fig. 3.8: Output power P ,= Px + py at output port 3.maln

In the experiments a linearly polarized light source will be used.

The angle of the incident polarized ligth is called e and is

defined as shown in Fig. 3.9.

8

Fig. 3.9: Input polarization angle e.
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From [23J the output powers of the birefringent coupler are known

P3 (z) = Po [cos 2cxz sin (cx-Cy) z sin{cx-cy) z sin 28]

P4(z) = Po [sin 2cxz - sin(cx-rcy)z sin{cx-cy)z sin28]

(3.28a)

(3.28b)

where e is the input angle of the linearly polarized incident

light.

For 8=11/4, Eqs. 3.28 can be wri t ten as Eqs. 3.27. Suppose 8=1[/4,

which means that the x-polarized and y-polarized wave are excited

equally powered, then the aforementioned equations become more

suitably:

P3(z) Po [cos 2
-'- sin(cx-;'cy)z sin(cx-cy)z sin2e]cxz

Po [cos 2 0.5 (sin 2 2 2 sin2Cyz) ]cxz -r CxZ cos CyZ - cos CllZ

Po [CI)S
2 0.5 (cos 2 2CllZ)]= CxZ -;. CyZ - cos

0.5 Po [cos 2 2Cyz] D.29a)cxz -;. cos

and equivalently:

D.29b)

To eliminate the input power fluctuations, the ratio R of P3-P4

and P3-;.P4 is measured:

R = P3-P4
P3-;.P4 = cos 2cxz + cos 2cyz (3.30)

This ratio shows no dependence of Po.

Ratio R can be evaluated as follows:

R = cos 2cxz -'- cos 2cyz

= 2 cos(cx-Cy)z cos(cx+Cy)z
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Ratio R can be considered to be an amplitude modulated carrier.

The ampli tude modulation arises from 2 cos (cx-Cy) z. The carrier

wave is characterized by frequency (cx+Cy).

Actuall y, both cx and Cy are funct ions of

situations cx-Cy « CX+Cy, which means that

slowly. For the values calculated in Fig.

and Cy ~ 3020, i.e. cx-Cy ~ 0.013 « 1.
Cx+Cy

z. In many pract ical

the ampli tude varies

3.6 yields Cx ~ 3100

Under the assumption of constant coupling coefficients cx and Cy,

the ratio function R is plot ted for 8=n/4, i. e. both orthogonal

modes are excited equally powered, in Fig. 3.10.

Power ratio R

<-----..
:---. ........

........ [--..

" ........

........ " " ,/

~Af
vv vv

V V V

2

a: 0

-2
o 5 10 15 20 25

Fig. 3.10: Coupling ratio R.

c,"-,,'ing length (rrrn)

Complete dephasing between the

spli tting, is achieved when the

which can be shown as follows:

cos(cx-Cy)z = 0

n
(cx-Cy)z = 2

2(cx-cy)z = n

output ports, i.e. polarization

ampli tude modulation equals 0,

D.32a)

(3.32b)

D.32c)
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I f A = 0, then only one of the orthogonal modes is exci ted, and

the coupler should be polarization-maintaining for e = 0 at the

first cross-over point [25].

The analyses shown is applicable to conventional single mode fiber

couplers as well as to fiber couplers made of polarization

maintaining fibers. The difference between these two couplers is,

that for couplers made of highly birefringent fibers, the relative

phase difference between the orthogonal modes of the composi te

structure is larger than the phase difference of the conventional

fiber coupler. This means that for PANDA couplers a much shorter

coupling length is required to achieve polarization-splitting. The

second difference is the ability of the PANDA coupler to preserve

the state of polarization at the output ports.

The major disadvantage of using PANDA fibers is the high loss,

caused by the non-matched refractive index of the stress-applying

parts. Theoret ically, the loss can be kept very low. Hereto the

taper shape has to be controlled very accurately [16,19]. This can

be visualized with Fig. 3.11.

v

• •

ft'l
~:~ty-

I ,
I ,
I I, ,

ft.-",
~---..., -".1.11.00.1

o+-----.....,......:~---.......-.;;:=O";;:,.,.----l
o

(a) Variation of the coupling coefficient between two parallel fibers with V
for d/a = 20, b/a = 5 and (il R = 0, (ii) R = -0./)5. (iii) R .. -0.1, where b,
a, and R are defined in figure 4b.

Fig. 3.11: Influence of the refractive index of the stress

applying parts on the coupling coefficient.
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Fig. 3.11 shows that tor a descending V number the coupling coef

ficient reaches a maximum at V which is J'ust before cut-off. Atmax
this point, the coupler geometry should be kept unchanged, which

is very hard to achieve. During the tapering process, the trans

versal dimensions of the coupling region will become smaller. In

this figure one can clearly see the importance of stress-applying

parts loIi th a refract i ve index rna tched to the surrounding fiber

cladding, i.e. parameter R = O.
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-1. Experiments.

4.1. Preparations of the fused-taper process.

The fabrication of low loss polarization maintaining or polariza

tion splitting fused-tapered couplers is more complicated than the

fabrication of conventional fused-tapered fiber couplers. To a

chieve a low polarization cross-talk at the output ports of the

coupler, highly birefringent polarization maintaining PANDA fibers

are used. .~ second advantage of using polarization maintaining

fibers is that a shorter coupling length is required to achieve

polarization splitting. The disadvantage of using polarization

maintaining fibers is the need to control the orientation of the

birefringent fibers in the coupling region.

To achieve a low loss fiber coupler, the following conditions have

to be met:

1: a careful removal of the primary fiber coating,

2: a perfectly cleaned coupling region,

3: stress-free, i.e. without torsion, mounting in the ro

tatable experimental set-up,

4: an accurate control of the orientation of the individu

al fibers,

5: fixing the orientated fibers,

6: alignment of the orientated fibers in the fused-taper

set-up,

7: determination of the orientation of the stress applying

parts at the input and output port of the main fiber,

8: connecting the optical devices, i. e. half wave pla te

let, microscope objectives and analyzer to the main

fiber.
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4.1.1.: Careful removal of the primary coating.

The type of PANDA fiber used in the experiments is produced by

Fujikura, Japan. The specifications of this fiber are given in

appendix A. Of practical interest was the composition of the pro

tecting primary coating. No chemical solution was found to dissol

ve this coating without attacking, i.e. etching, the PANDA fiber

cladding glass. The removal of the primary coating was achieved by

carefully cutting into the coating along the coupling region, fol

lowed by the chemical weakening of the coating by CI 2CH2 , without

attacking the fiber cladding. Then the primary coating could be

stripped off easily.

4.1.2.: Cleaning of the coupling region.

After the removal of the primary coating, the cladding glass is

still contaminated by dust particles and coating particles. The

cladding glass is cleaned by a volatile alcoholic fluid which

doesn't attack the cladding glass nor leaves behind any remain

ders. Essential in the process of making fiber couplers using

PANDA fibers are perfectly cleaned fibers in order to be able ro

tate the fibers freely as well as to fuse the fibers together

without losses.

4.1.3. Mounting in an experimental set-up.

The fibers have to be orientated as is shown in Fig. 4.1. A photo

graph taken from the experimental set-up is shown in Fig. 4.2.

Fig.4.1.: Orientation of the fibers.
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Fig. 4.2.: Photograph of experimental set-up.

1: rotatable fiber clamp,

2: clamp holder,

3: clamps connecting brace,

4: glass with alcoholic solution,

5: microscope,

6: external light source.

7: clamps of fused-taper set-up,

The fibers are observed in the coupling region by a microscope.

The fibers are illuminated by an external light source. In order

to make visible the stress-applying parts of the fibers, they are

embedded in a matching volatile fluid which doesn't attack the

cladding glass nor leaves behind any remainders. The refractive

index of the fluid is nearly matched to the refractive index of

the fiber cladding. This is done to eliminate unwanted reflections

at the air-cladding interface. Fig. 4.3. shows a detail of the

set-up.
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Fig.4.3.: Detail of set-up.

Each fiber is mounted such that it can be rotated individually,

without affecting the orientation of the other fiber. The top view

of the aligned fibers is shown in Fig. 4.4. The microscope is fo

cussed to the stress-applying parts. The fibers are supposed to be

well orientated if the overlap of the two stress-applying parts is

maximum.

[/ / ///////;2//7/<//21 ///2////' ~/j
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Fig. 4.4: Top view of the fibers.

before orientation

after orientation
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Fig. 4.5a shows the cross section of two fused fibers whose

stress-applying parts are orientated correctly, whereas Fig. 4.5b

shows the cross section of two fused fibers whose stress-applying

parts are orientated incorrectly.

a) correctly orientated. b) incorrectly orientated.

Fig. 4.5: Photographs of fused fibers.

4.1.4. Fixing the well-orientated PANDA fibers.

Once the correct orientation is achieved, the fibers have to be

positioned in the fused-taper set-up, without loosing their mutual

orientation. This is done as follows. The bench designed to

orientate the optic axes of the individual fibers is posi tioned

only a few millimeters above the actual fused-taper set-up. The

bench is moved downwards by a z-manipulator until the stripped

fibers fall into the fiber clamps of the fused-taper set-up. Then

the fibers are clamped with the right clamp and the primary

coatings of the fibers are glued together at the right hand side

of this clamp. The coatings of the fibers are glued together as

close as possible to the coupling region. The fibers are glued

together at only one side, to prevent any tension or torsion in

the coupling region.
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4.1.5. Alignment of the orientated fibers.

After gluing the fibers together the four clamps of the bench are

loosened and the bench is removed. At this stage the fibers are

clamped into the fused-taper set-up at one side only. In this way

relaxation of the fibers is possible, whilst the mutual orienta-

tion is maintained.

The fibers are clamped at the left side of the coupling region.

The fiber clamps of the fused-taper set-up are mounted onto two

slides. The slides are pushed apart by a spring. Consequently,

very little tension is given to the fibers which is needed to a

chieve a good alignment of the fibers. Finally, the bench is re

placed by the burner.

4.1.6.: Determination of the orientation of the optic axes at the

input and output port of the main fiber.

Fig. 4.6 shows the set-up used for finding the orientation of the

optic axes at the input port 1 and output port 3 of the main fi

ber.

Fig. 4.6: Set-up for finding the orientation of the optic axes.

The orientation of the optic axes at input port 1 is determined as

follows. Linearly polarized light, emi tted by the semiconductor

40



laser (SCL), is collimated by a microscope objective M1, is rota

ted about an arbitrary angle by the half wave platelet A/2, and

launched into the fiber by another microscope objective H2. At the

output port 3 of the fiber the light is elliptically polarized,

generally. The elliptically polarized light is characterized by

its major and minor axes. At the output port, the diverging light

bundle is collimated by a third microscope objective M3 and passes

a polarizing beamsplitter (PBS), which operates as an analyzer at

1.55 ~. If the optic axis of the analyzer coincides with either

the major or minor axis of the ellipse, the lock-in amplifier 1,

LIA1, detects a local maximum or minimum intensity, respectively.

Generally, the intensity of a local maximum isn't an absolute max

imum. The analyzer is rotated until a local maximum is detected.

At this stage, the optic axes of the PANDA fiber at output port 3

are found. To find the optic axes at input port 1, the half wave

platelet is rotated until the absolute maximum is detected.

One has to take into account the different rotation angles of the

halve wave platelet and the analyzer. The analyzer has to be rota

ted twice as much as the half wave platelet. If the absolute maxi

mum has been found, the optic axes of the main fiber have been

found. The optic axes of the optical devices and the PANDA fiber

have been aligned, i.e. the laser light is launched into the fiber

along one of the principle axes. The SOP of the propagating light

is maintained along the fiber.

For a polarization-maintaining 3 dB coupler, the incident angle of

the polarized light a, see Fig. 3.9, should be 0°. In this case,

only one mode, whether HEttx or HEtty, is excited. For a polariza

tion-splitting 3 dB coupler, the incident angle of the polarized
°light should be 45 for exciting the two orthogonal modes equally

powered. Moreover, the amplitude modulation of ratio R (Eq. 3.31)

vanishes if the input polarization angle equals 0 ° or 90 0, i. e.

the polarization behaviour of the coupler can't be examined. With

respect to the latter, the half wave platelet is rotated about

22.5° to achieve an input polarization angle of 45° with respect

to the optic axes of the PANDA fiber.
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Once the optic axes at the input and output ports are found, the

microscope objective and analyzer are removed and the fiber ports

3 and 4 are placed just in front of the photo detectors. The lock

in amplifiers will detect equally attenuated output powers.

4.1.7.: Connecting the optical devices to the fibers.

The experiments have been carried out with a semiconductor laser.

The laser operates at a wavelength of 1.519 pm. It emits linearly

polarized light. The semiconductor laser is connected to a pigtail

of conventional single mode optical fiber. Generally, these fibers

can I t maintain an incident state of polarization along relative

long fiber lengths. The length of the pigtail connected to the

semiconductor laser was about 1m. The output state of polarization

of the fiber end was nearly linearly. This has been verified at an

intermediate experimental set-up. This laser can also be used in

the following experiments.

The linearly polarized laser light is collimated by the first mi

croscope obj ect i ve. Then the I igh t passes through a halve wave

platelet. The half wave platelet operates at a wavelength of

1.523 pm which is the wavelength of a HeNe-Iaser. The plane of

polarization of the laser light can be rotated by this device. The

plane of polarization rotates twice as much as the rotation angle

of the half wave platelet. The retardation achieved with the half

wave platelet may not be n exactly, because of the slight mismatch

between the half wave platelet wavelength (1.523 pm) and the semi

conductor laser wavelength (1.519 pm).

At the transmission port 3 of the coupler, the light is collimated

by a third microscope objective and passes through an analyzer.

The analyzer used is a narrow band, i. e. 1.55 pm ± 2%,

polarization splitting beamsplitter which can also be used at a

wavelength of 1.529 pm.

A lock-in amplifier is connected to a memory oscilloscope to fol

low the coupling process continuously.
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~.2. The fused-taper p~ucess.

Fig. 4.7 shows the fuse-taper set-up.

P S -----------,
§-o-~-5~~ L1A1 :

'1\/2 ~ I

,G· ~ ~

Fig. 4.7: Fuse-taper set-up.

SCL semiconductor laser (A=1.519 ~),

~1,2,3: microscope objective,

A/2 half wave platelet (A=1.523 ~),

E electrodes,

P S power supply for the electrodes,

LIA1 lock-in amplifier 1,

LIA2 lock-in amplifier 2,

A/D analog/digital converter,

RErecording equipment.

The fused-taper process is automated partially. The taper session

is automated, whereas the fuse session is not. Except for the

relative position of the electric arc-flame to the aligned fibers,

all parameters needed for the process are controlled by a personal

computer. There are the arc-intensi ty, taper strategy and

start-stop signals.

43



4.2.1. The fusion session.

First step in the process is the fusion session. The fibers are

fused together. Once the electric arc-flame has been igni ted by

the personal computer, the flame is moved towards the fibers. The

fusion session is terminated by the operator. The electric arc

flame used is a very wide flame, i. e. the distance between the

electrodes is 12 mm approximately, resulting in a long fused re

gion, i.e. about 4 mm. While the fusion session goes on, the out

put power of the main fiber is monitored constantly. Experiments

have shown that during the fusion session no power loss occurs,

i.e. the losses are less than 2 %, . To achieve a relatively high

coupling efficiency, a completely fused structure, i.e. a circular

cross section at the coupler waist, is necessary, as well as near

ly perfectly aligned and orientated fibers. Low loss during the

fusion session has shown to be possible only if the perfectly

clean fibers are clamped without torsion.

4.2.2. The taper session.

The second step in the process is the taper session. There are

four taper strategies available:

1 : control of the main route (main fiber) ,

2 : control by interruption,

3 : control of the secondary route (tap fiber) ,

4 : control of the coupling ratio P4
P3 + P4'

For conventional 3 dB fiber couplers, strategy 4 is used. For the

se couplers a coupling ratio of 0.5 is established. Because of the

different power distribution between the output ports during the

tapering process and after cooling respectively, the electric arc

flame is switched off before the coupling ratio has reached the

value of 0.5. The input value of the coupling ratio is fiber de

pendent. This strategy can be used for polarization-maintaining

couplers.
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Strategy 3 is used for polarization-splitting couplers To

achieve pol ariza t ion-spl itt ing, the coupler is overcoupled, i. e.

there is more than on8 power exchange bet",een the two output

ports.

The tapering process is carried out wi th the same electric arc

flame as is used during the fusion session, though the temperature

is diminished. The tapering process has to be controlled very ac

curately. In the beginning of the process, the coupling region is

relatively thick and the electric arc-flame has to be moved close

enough to weaken the fused region. However, because of the taper

ing of the coupl ing region, the coupling region becomes thinner

and as a consequence less heat is needed to provide further taper

ing. So, the operator has to observe the tapering process closely.

To fabricate a low loss coupler, the shape of the taper is impor

tant [16,19]. A short electric arc-flame should be used to modify

the taper shape, i.e. the heat can be applied to the fibers more

locally. Experiments have shown that a very slow tapering process,

i.e. up to 15 minutes, gives the best results.
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-403. Results.

The first experiments have been carried out under the following

conditions:

1: orientated fibers,

2: the linearly polarized input light is launched into the

fiber under an arbitrary angle.

The only 'low loss' 3 dB coupler fabricated is coupler no. 180.

The specifications of this coupler have been collected in Appen

dix B. The total transmission of this coupler is 63 % at a coup

ling ratio of 0.5. The polarization characteristics of this coup

ler have not been monitored during the fabrication, but have been

measured afterwards. The polarization characteristics of this

coupler are displayed in Figs. 4.8 where input port 1 is excited

and in Figs. 4.9 where input port 2 is excited. The input angle e
reflects on the rotation angle of the half wave platelet. During

o 0

fabrication the input angle e must have been 10 or 80 .

Polarization behaviolr ~Ier 180
P3. P4 direct detection

+ P3 A P4

o 30 60 90 120 150 180210 240 270 300 330 360
100

90

80

70

60

50

40

30 L...---l.._J-_.L--.l._---L_....L....--1~---l-_....l__.l...._____l._ __J

o 30 60 90 120 150 180210240270300 330360

Il'l)Ut angle e
Fig. 4.8a: Polarization behaviour of coupler 180, input port 1.

46



dependent.

yield of

Fig. 4.8a shows that the power distribution

For e = 10: 80
0

the coupler is a

the coupler measured after cooling
o

63 %. At e = 45 the yield is even higher, i.e.

is polarization

3 dB coupler. The

at this angle was

about 78 %.

Fig. 4.8b shows the degree of polarization-maintaining ability of

output port 3. It shows that for output port 3 the output light is

not linearly polarized. The ~ -marked graph shows the polarization

characteristics of the fast axis, whereas the ~ -marked graph

shows the polarization characteristics of the slow axis. It shows

that the fast axis is more sensitive to fluctuations of the input
o

polarization angle than the slow axis. At e = 80 the cross-talk
o

CTx achieved is about 8 dB, whilst at e = 40 the cross-talk CTy

achieved is about 4.7 dB.

+ P3. analyzer
fast axis

A P3. analyzer
slow axis

l1'1JUt angle e
0L-----L_--l...._....1-_.L...----'_---l..._....l..-_-'-----'_---'-_-'----'

o 30 60 90 120 150 180 210 240 270 300 330 360

10

Q;
iii
~ 30

>-
"-
III
"-... 20

~

o 30 60 90 120 150 180210240270300330360
50 r----r-.....,....--,--,.-----,---,---r--.,...-----,---.---r-----,

40

Fig. 4.8b: Polarization behaviour of transmission output port 3.

Fig. 4. 8c shows the polarization behaviour of output port 4. It

shows that the output light is nearly linearly polarized and at
o 0e = 45 , the cross-talk CTx equals 14.4 dB. However, at e = 80 ,

cross-talk CTy equals 2.8 dB.
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Polarization behaviOlS COl.fller 180
P4. with analyzer

+ P4, analyzer A P4. analyzer
fast axis slow axis

o 30 60 90 120 150 180 210 240 270 300 330 360
120 ..---____r-~-~-........- .........-.._______r-~-.....,....-_r_-_r_____,

100

80

60

40

20

30 60 90 120 150 180 210 240 270 300 330 360

lr"(lUt angle e

Fig. 4.8c: Polarization behaviour of cross-coupled output port 4.

Figs. 4.9 show the polarization behaviour of the same coupler, in

the case of initiating input port 2.

P3. P4 direct detection; irprt port 2

+ P3 A P4

0
90

80

Qj
Ii
(J 70en

"...10......
60:0...

~

50

40
0

30 60 90 120 150 180 210 240 270 300 330 360

30 60 90 120 150 180210 240 270 300 330 360 tr"(lUt angle e
Fig. 4.9a: Polarization behaviour of coupler 180, input port 2.

Fig. 4.9a shows that for none input polarization angle the coupler

can be a 3 dB coupler. In analogy with Fig. 4.8a the variation of
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the po~er of the cross-coupled output port 3, i.e. P3, exceeds the

variation of the power of the transmission output port 4, i.e. P4.

Fig. 4. 9b shows nearly the same polarization behaviour of the

transmission output port as Fig. 4.8b. For the transmission output

port 4, the outcoming light is not linearly polarized, whereas the

outcoming light of the cross-coupled output port 3 is nearly li

nearly polarized, see Fig. 4.9c.

P4. with analyzer; inout port 2

+ P4. analyzer
fast axis

J). P4. analyzer
slow axis

o 306090120150180210240270300330360

':1
CD
iij
u 60CII

>.

~ 40:0
~

20

O'---'------'-----l.---'-----l..---'---'--....L---'--...L...---'------'

o 30 60 90 120 150 180 210 240 270 300 330 360 Input angle e
Fig. 4.9b: Polarization behaviour of transmission output port 4.

P3. with analyzer; input port 2

o 30 60 90 120 150 180210240270300330360
100 r-__r----,.---,.----,----,--...,---....,....-....,....--r--....,....--..,.-----,

+ P3. analyzer
fast axis

80

Qi J). P3. analyzer
iij slow axis
u 60ttl

>....
«l
.b 40:0...
~

20

OL---J._---'-_--J...._..J.-_...L.-_.l...-----J_----'-_--'-_--J...._--'---__

o 30 60 90 120 150 180 210 240 270 300330 360

Fig. 4.9c: Polarization behaviour of cross-coupled output port 3.
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5. Conclusions and remarks.

The fabrication of low loss polarization-maintaining and polariza

tion-splitting couplers has proven to be rather difficult. The

PANDA fiber used in the experiments does have good properties with

respect to the propagation of linearly polarized light, but the

geometrical structure of the fiber causes problems in making opti

cal fiber couplers using the fused-taper technology. The stress

applying parts on opposite sides of the fiber core account for the

polarization-maintaining ability of the fiber. The birefringence

in the fiber core is caused by the thermal expansion coefficient

of the stress-applying parts. The heat necessary for fusing the

fiber claddings deforms the stress-applying parts. An example of a

deformation is given in Fig. 4.5. The photographs shown are taken

from the fused cross-section, before tapering.

However, fabrication of polarization-dependent fiber couplers with

PANDA fibers is possible, using another fabrication technique,

e.g. a polishing technique. With this technique, a major part of

the fiber cladding is polished away, and these flattened sides of

the fiber claddings are glued together. Now the distance between

the fiber cores is reduced sharply. Optimization of the coupler

fabrication by change of fabrication technique is not very conve

nient. A better solution is the purchase of other polarization

maintaining optical fibers, that can be used in the fused-taper

experimental set-up. At the moment, so called C- and D-shaped fi

bers are developed. These fibers have an elliptical core. This

core shape accounts for the birefringence of the fiber, stress

applying parts are not necessary. Secondly, the core is positioned

out of the center of the fiber, close to the cladding-air bounda

ry. C -and D-shaped fibers are shown in Fig. 5.1. Fabrication of

polarization-spli tting couplers is expected to be qui te easily

using C-shaped fiber.
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Schematic diagrams of circularly outer clad C fiber. In D
fiber. the shaded region is not present. n.1 is the depressed cladding

region, c/a "" d/b "" 3.

Fig. 5.1: Polarization-maintaining fibers.

Not only the type of fiber is to blame for the poor results. The

heat source used in the experiments is an electric arc-flame. The

length of the flame is 12 mm, approximately. The flame is posi

tioned along the fiber which resul ts in a fused area length of

about 4 mm. The advantage of this relatively long fused area is

the shorter coupling length needed to achieve polarization split

ting. The rna jor disadvantage of the use of a very wide electric

arc-flame is that the smoothness of the taper is hard to control.

Experiments have shown that the losses can be reduced by smoothing

the shape of the tapered structure at the output ports. To realize

the Ii t tIe corrections of the taper shape, posi tioning of the

electric arc-flame perpendicular to the fibers should be consi

dered.

The rotatable set-up used for orientating the PANDA fibers has

shown to function satisfactorily. The method of orientating the

fibers at the same place as the fuse-taper process shows to be

convenient. Transport of the orientated fiber from the one set-up

to another is not necessary, and, as a consequence, the orienta

tion of the fibers is maintained quite easily.

The major problems encountered in fabricating optical couplers,

are the environmental conditions. There are the stability of the

mounting of the optical devices, and the preparation of the fi-
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bers, i. e. the stripping of the primary coating, the cleaning of

the coupling region, and the positioning in the set-ups. To achie

ve a s table set -up, a 11 opt ica 1 devices should be moun ted on an

optical table. Measurement equipment that causes vibrations should

be placed on a separate table. More important are the environmen

tal conditions at the coupling region. The fused-taper set-up

should be placed in a dust-free environment.

The minimum loss achieved for a polarization-preserving 3 dB coup

ler was 37%, i.e. -2 dB. This value has been measured with nearly

linearly polarized light launched into the main fiber at an input

angle e (Fig. 3.9) of 0:

To fabricate polarization-dependent fiber couplers using the set

up of Fig. 4.7, the input angle of the linearly polarized light

should be defined accurately. For polarization-maintaining coup-
o

lers, this angle is 0 As has been pointed out in paragraph

4.1.6, this is easy to realize. However, without monitoring the

surface of the main fiber at the input port, the input angle can
o 0

be 0 or 90 , i.e. the polarized light is launched into the fiber

ei ther along the fast axis or along the slow axis. To overcome

this uncertainty, the input plane of the main fiber (input port 1)

is examined using a conventional beamsplitter.

The problem in making couplers using PANDA fibers, is the moment

of ending the tapering process. Experiments have shown that the

monitored power distribution between the output ports during the

taper session, can deviate significantly from the power distribu

tion after cooling. Moreover, it is hard to predict in which way

the power distribution will change during cooling. Suppose a con

ventional 3 dB coupler. Initially, no power is coupled from branch

3 to branch 4. During the taper session power is coupled from

branch 3 to branch 4. When the coupling ratio P4/(P3+P4) reaches

the value of 0.5, the tapering process is terminated. After cool

ing the coupler may show to be overcoupled, i.e. the coupling ra

tio exceeds 0.5, or the coupling ratio drops below 0.5. Both can

happen with equal probability.
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Polarization Maintaining Optical Fiber

Features
• PANDA; (Polarization maintaining AND

Absorption reducing)
• Preservation of polarization of propagated

light as it is transmitted.
• Suitable in applications where differences

in the phase of polarized light is exploited.
High precision measurements can be
achieved.

• Utilization in coherent telecommnications
permits high-capacity transmission.
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FUJIKURA'S POLARIZATION MAINTAIN INC
OPTICAL FIBER has a beautiful, bilateral
symmetrical structure which consists of a
core and two round stress applying parts
on opposite sides of the core. It is called
PANDA fiber developed by NTT IECL. High
birefringence in the fiber results from the
structure and maximum value is more thar
1 x 10-3. So the fiber holds high polariza·
tion stability under adverse conditions of
bending and temperature change.
Typical mode coupling parameter is less
than 1Q-6/m.



APPE~DIX .\- I I

Applications

cw

Polarization maintaining optical fiber • Optical fiber gyroscope
• Row meter
• Vibrograph
• Magnetic field intensity sensor
• Other kinds of sensor

Optical fiber gyroscope

9

4

1.3

.a.i0 13:fl,.

Wavelength (pm) 0.48 0.63 0.85

Core diameter (pm) 3 4 5

Cladding diameter (~m) 125

~Iicone coating (mm) 0.4Diameter

P!>'yamide jacketing (mm) 0.9diameter

loss (dB/km) 50 12 3

Coupling length (mm) 2 3

Extinction ratio 30 dB/100m

Specification
Fiber specification for general applications

",...";-ro"""""-=-=",..,...,.,..."...-,,..,.--~...,.-r.:----...,.,,..,..,

• Cords are also available. • Fibers can be manufactured to user specificbtions.

Fiber specification for compact optical components

Wavelength (~m) 0.85 0.85

SM·85-P.£A
.(4180122O) .

0.85 1.3

Core diameter (~m) 5 4 4 9

Cladding diameter (~m) 125 125 80 125

Diameter over
UV resin coating (~m)

250 250 220 250

loss (dB/km) 3 4 4 2
Coupling length (mm) 1.5 2

Extinction ratio 3OdB/1oom 4OdBI1oom 3OdBI1oom

• Designation

SM·63-P
I T

Optical fiber Polarization maintaining
designation optical fiber

Extinction Ratio
35 _

m
;g 30
.2
"§
§ 25

:e
£ 20;n

10 100 1000
Rber length (m)
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APPE~DIX B
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,
I
\

· .' .
\,
'i f;

· . \: ... ~....~ \... : ... :... :
\--!: .\ . . .

1-

Date .......•.....•...•..... :04-26-1989
Experiment number : 180
T eq::l(:'t- ~:;b~ at E!9y' 1\1u ••• p •••••• : 4
He'll t ",)ed LIE! ••••••••••••••••• : 10
Coupling Ratio ...•..••.•... : .45
Weld Intensity (WS) .....•.. : 124
l,1Jeld Intensity (TS) .•.....• : 127
Wavelength •....•...•.••.•.• : 1519 nm

Final Percentage Main Route:
Final Percentage Sec. Route:

250

Stored
78

250
416416

:;~5(J

WeI d ses=:.i on
Cool after weld
Taper- sessi on
Cool aftet- t.aper

Tot i'" I Transmi ssi on ..•..••.•••. : 63 I~

Excess Loss .•.•.....•••...•... :-2 dB
Cou~)ling Ratio P4/(P3+P4) .. aa: .5

Read
78

Fi ned
Fi nal
F:i n;:'.l

#sCl.mpl e-pai r=:.
#=;ampl e-ped t-S

#samp I e'-pai I'"'S

#sc~mp I e--pei irs

'\,'--a:-; i s

::t;-e,,::·::i s
10 % initial power per division
66 samples per division
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