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Abstract

A new theoretical model considering the refraction of the incident light beam by the fibre is suggested to determine the refractive index
profile of bent optical fibres. This new model (slabs model) considering the cross section of the bent optical fibre consists of large number
of slabs. The slabs model bases on the refraction of the incident beam by the fibre. The refractive index profile of the optical fibre clad-
ding before bending obtained using the automated Fizeau interferometer with the aid of suggested model is compared with other models
such as, the homogenous model and the multilayer model to verify the ability of this slab model. The refractive index profile of the bent
optical fibre cladding is investigated using this suggested model. In addition, the new model is used to obtain the induced birefringence
and the guiding parameters. The bending radius is recommended to be greater than 7.1 mm for the used optical fibre. The consideration
of the refraction increases the accuracy of the results.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The optical fibre is a dielectric waveguide [1] structure
that transports energy at optical frequencies. Generally,
the optical fibre consists of a core surrounded by a clad-
ding. Two common types of multimode optical fibres are
step index fibres and graded index fibres. As well as the sin-
gle mode, optical fibres are used widely in the long distance
communications. Cylindrical fibres of circular cross section
are most common fibre geometries. The refractive index
profile and the material dispersion have strong effect on
the group delay characteristics of an optical fibre. There-
fore, the refractive index profile of optical fibre is impor-
tant not only in assessing the performance of the fibre in
a given system but also it helps in fibre fabrication [2] to
improve its products.

Many authors have studied the refractive index mea-
surements using interferometric methods [3–11]. Some
authors determined the influence of temperature on the
refractive index profile of fibres [12].

Hibino et al. [13] studied the effect of the mechanically
induced residual stress on the refractive index of the single
mode optical fibre. The birefringence was being negative
for the elongation stress.

The isotropic plastic optical fibre becomes a uniaxial
fibre as a result of bending effect. The induced birefringence
is proportional to the distance measured from the neutral
line [14]. Tai et al. [15] gave more generalized study which
applicable for all plastic and glass fibres, they observed
that, the bending leads to increase of refractive index in
compression part and vice versa. The macro bending loss
for optical fibres was studied as a function of the bending
radius using the beam propagating method [16,17].

The relation between the induced birefringence and the
mechanical strain is described for the bent fibre cladding
[18].

0030-4018/$ - see front matter � 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.optcom.2007.11.094

* Corresponding author. Tel.: +20 572403980; fax: +20 572403868.
E-mail address: elmorsym@yahoo.com (M.A. El-Morsy).

www.elsevier.com/locate/optcom

Available online at www.sciencedirect.com

Optics Communications 281 (2008) 1915–1923



Author's personal copy

The refractive index profile of an optical fibre influenced
by the stresses caused by pure bending and an induced bire-
fringence was observed [19]. El-Diasty calculated the asym-
metrical refractive index profile and induced birefringence
for the bent single mode optical fibre cladding using the
Fizeau interferometer in transmission [19]. The mathemat-
ical expressions used in the calculations [19] of the bent
optical fibre parameters neglected the refraction of the inci-
dent light beam by the bent optical fibre.

Different optical techniques have been developed to
determine the fibre refractive index profile. The advantage
of optical techniques over the other techniques is that it can
provide whole field information for analysis. They usually
produce contour maps in terms of fringe pattern, which
can be used for investigating systems quickly and easily
by visual inspection [20].

The multiple-beam Fizeau fringe system is a sensitive
optical technique for measuring the optical properties of
optical fibre and gives accurate results due to the sharpness
of the interference fringe, compared with two-beam inter-
ference fringe.

Multiple-beam Fizeau fringes are formed across the
fibre when immersed in a silvered liquid wedge interferom-
eter illuminated by a parallel beam of polarized monochro-
matic light. The shift in the position of the interference
fringe is formed because the fibre inside the interferometer
works as a phase object. The optical properties of the fibre
are usually encoded into deformed fringe pattern. Thus by
observing the fringe shift inside the fibre, the quantitative
information about the optical properties of the fibre under
test and its structural parameters can be measured. The
method in which matching immersion liquids are used to
give good results of the fibre refractive index profile,
especially when liquid and fibre cladding have refractive
indices close to each other. However, to minimize the error
in the measured data, it is essential to take into consider-
ation the effect of refraction [8,21] of the beam through
the liquid–fibre and core-cladding interfaces.

The focus in this paper is divided into two main points
in order to measure the change of refractive index and
the related induced birefringence in the cladding of the
optical fibre due to bending. The first point is automatically
analyzing the multiple-beam Fizeau fringe pattern using
Fourier transform fringe analysis technique. The second
point is to suggest an accurate new mathematical model
for optical path difference in which the refraction of the
beam through the fibre due to refractive index change
along its radius is considered.

2. Theoretical considerations of the slabs model

Of course, multiple-beam Fizeau interferometry is not the
only method of obtaining high special precision but today
the multiple-beam Fizeau interferometry is still one of the
most compact and highest resolving power interferometer.

The isotropic optical fibre material becomes anisotropic
under the effect of the mechanical bending. The induced

anisotropy in the bent optical fibre leads to the appearance
of optical birefringence. The optical anisotropy of materi-
als can be achieved under the effect of the mechanical stres-
ses [22].

The polarization state of the incident beam will be split
into two linear orthogonal components of polarization
directions where these directions are parallel and perpen-
dicular to the fibre optical axis. The corresponding refrac-
tive indices are nk and n\. The parallel component of
refractive index (nk) will be affected with the mechanical
bending and the other component still constant (n\) [19].
The fibre under the bending can be classified into two
regions about the neutral plane. The inner region is com-
pressed and the outer region is extended. The refractive
index nk of the bent cladding is decreased as x increase
and vice versa. Where x is a distance measured from the
fibre origin along x-axis. It will be positive in the tension
region and negative in the compression region. To deter-
mine the refractive index profile of the clad of bent optical
fibre we suggest a new model. In this model, we divide the
cross section of the bent cladding into Q-thin slabs having
refractive indices nj. These slabs are perpendicular to the
bending radius R as shown in Fig. 1. The first slab at the
fibre bored and the slab order increase toward its centre.
The slab thickness a can be calculated using the following
equation;

a ¼ r � rc

Q
ð1Þ

where r, rc are the fibre and the core radii respectively.
The bent optical fibre is immersed in a suitable liquid of

refractive index nL in the Fizeau interferometer. The refrac-
tive index of the immersion liquid is equal to the perpendic-
ular component of refractive index of the bent optical fibre
cladding (nL = n\). When putting a bent optical fibre into
the object plane of a transmitting Fizeau interferometer, a
deviation of the fibre fringe obtained due to the optical
path difference between the bent optical fibre material
and the surrounding media. Thus, the calculation of optical
path difference plays an important rule in the accurate
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Fig. 1. The schematic diagram of the bent optical fibre.
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determination of the refractive index and the other optical
properties of fibre.

Now we derive a mathematical expression of the optical
path difference in case of taking the refraction of light beam
inside the fibre into consideration.

The refractive indices (nk) of the fibre slabs are different
from each other. The refractive index of any slab depends
on its position along the bent optical fibre diameter. If
the bent optical fibre divided into large number of slabs,
one can consider the refractive index of a slab number j

as nj.
The refracted beam inside the fibre may pass through

one or more slabs. Their paths depend on the refractive
index of slabs and the immersion liquid as well as thickness
of the slabs. Now we study different cases, when the inci-
dent beam pass through one, two, three and kth slabs.

2.1. The refraction through one slab

The first case, when the beam passes only through one
slab. Considering the incident beam strikes the slab number
j and emerges the fibre from this slab. Fig. 2 shows a sche-
matic diagram for the cross section of the bent optical fibre
where the incident beam refracts through one slab. The
incident and refraction angles hij, hrj are given by:

hij ¼ sin�1 xij

r

� �
ð2Þ

hrj ¼ sin�1 nLxij

njr

� �
; ð3Þ

where the incident beam strike the slab number j at dis-
tance xij measured from the fibre centre. If the beam tra-
verses the slab j at its centre, the distance xij can be given
from the following equation:

xij ¼ r � ðj� 1=2Þa ð4Þ

The refracted beam emerges the fibre at distance xej, which
is expressed as:

xej ¼ r sin bj ð5Þ

where

bj ¼ 2hrj � hij ð6Þ

The optical path difference (OPD) due to the refraction
through the slab number j will be given from the following
equation;

OPD ¼ nj
xij � xej

sinðhij � hrjÞ
� nL

xij � xej

tanðhij � hrjÞ
ð7Þ

When using multiple-beam Fizeau interferometer in trans-
mission, one obtains sharp bright fringes on a dark back-
ground of interfering spacing h. A monochromatic
polarized light of wavelength k is used. The incident beam
will suffer a shift z due to its path through the fibre slab.
The optical path difference (OPD) relates to the shift Zj

(after transforming the origin), the wavelength and the
interfering spacing by the famous relation (cf. Barakat
and Hamza [6]):

OPD ¼ kZj

2h
ð8Þ

Then, Eq. (7) can be rewritten as follows:

kZj

2h
¼ nj

xij � xej

sinðhij � hrjÞ
� nL

xij � xej

tanðhij � hrjÞ
ð9Þ

This equation is derived considering the refraction of the
incident beam through one slab only.

2.2. The refraction through two slabs

When the incident beam passes through two slabs, the
beam will enter the fibre at the slab number j and leave
the fibre from the slab number j + 1 as shown in Fig. 3.
The incidence and refraction angles for the slab number j

are given by Eqs. (2) and (3). Using the geometry of
Fig. 3 we can get:

hijþ1 ¼
p
2
� ðhij � hrjÞ ð10Þ

where, hij + 1 is the incidence angle to the slab number
j + 1.

The refraction angle hrj+1 at the slab number j + 1 is
expressed as:

hrjþ1 ¼ sin�1 nj

njþ1

cosðhij � hrjÞ
� �

ð11Þ

The beam will leave the fibre from the slab number j + 1 at
distance xej+1, which measured from the fibre centre and is
given by:

xejþ1 ¼ r sin bjþ1 ð12Þ

where

bjþ1 ¼ ðhejþ1 þ hrjþ1Þ �
p
2

ð13Þ
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Fig. 2. The ray tracing across the slab number j taking into consideration
its refraction inside the fibre.
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The incident angle at the interface between the slab j + 1
and the immersion liquid is calculated using the following
equation:

hejþ1 ¼ sin�1 ONjþ1

r

� �
ð14Þ

The distance from the fibre centre to the edge of the slab
j + 1 is xj+1 and is given by:

xjþ1 ¼ r � ja ð15Þ
The optical path difference in this case can be written in the
following form:

kZjjþ1

2h
¼ nj

xij � xjþ1

sinðhij � hrjÞ
þ njþ1

xjþ1 � xejþ1

cosðhrjþ1Þ

� �

� nL

xij � xjþ1

tanðhij � hrjÞ
þ ½ðxjþ1 � xejþ1Þ tan hrjþ1�

� �
ð16Þ

where Zjj+1 is the resultant shift due to the refraction of the
incident beam through two slabs j and j + 1.

2.3. The refraction through three slabs

When the beam refracted through three slabs (j, j + 1
and j + 2) where the incident beam entering the fibre at slab
j and exit from the slab j + 2. The angles of incidence and
refraction will be given from Eqs. ((2), (3), (10) and (11)),

due to the path in the slabs j and j + 1. The incidence
and refraction angles (hij + 2, hrj + 2) for the slab number
j + 2 can be calculated using the geometry of Fig. 4 as
follows:

hijþ2 ¼ hrjþ1 ð17Þ

and

hrjþ2 ¼ sin�1 nj

njþ2

cosðhij � hrjÞ
� �

ð18Þ

The beam will emerge at distance xej+2, which is given by
the following equation:

xejþ2 ¼ r sinðbjþ2Þ ð19Þ

where

bjþ2 ¼ ðhejþ2 þ hrjþ2Þ �
p
2

ð20Þ

and

hejþ2 ¼ sin�1 ONjþ2

r

� �
ð21Þ

The distance xj+2 is given by:

xjþ2 ¼ r � ðjþ 1Þa ð22Þ

As a result of the beam passing through the fibre slabs (j,
j + 1, j + 2), the optical path difference will be given by
the following equation:

xij
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Fig. 4. The ray tracing across three slabs j, j + 1, j + 2.
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kZjjþ2

2h
¼ nj

xij � xjþ1

sin
ðhij � hrjÞ þ njþ1

xjþ1 � xjþ2

cosðhrjþ1Þ

�

þnjþ2

xjþ2 � xejþ2

cosðhrjþ2Þ

�
� nL

xij � xjþ1

tanðhij � hrjÞ

�

þ½ðxjþ1 � xjþ2Þ tan hrjþ1� þ ½ðxjþ2 � xejþ2Þ tan hrjþ2�
�
ð23Þ

where Zjj+2 is the shift due to the path through the three
slabs.

2.4. The refraction through k slabs

We can use the above derived relations to obtain recur-
rence relations to calculate the angles, distances and optical
path difference due to the path of the incident light beam
through k slabs. The incident beam will strike the fibre at
the slab number j and will leave it from the slab number
j + k�1. Now we can represent the recurrence relation,
which describes the optical path difference in this case.

kZjjþk�1

2h
¼ nj

xij � xjþ1

sinðhij � hrjÞ
þ
Xjþk�2

l¼jþ1

nl
xl � xlþ1

cosðhrlÞ

"

þnjþk�1

xjþk�1 � xejþk�1

cosðhrjþk�1Þ

�
� nL

xij � xjþ1

tanðhij � hrjÞ

�

þ
Xjþk�2

l¼jþ1

½ðxl � xlþ1Þ tan hrl�

þ ðxjþk�1 � xejþk�1Þ tan hrjþk�1

� 	�
ð24Þ

where Zjj+k�1 is the shift corresponding to the refraction of
the incident light beam through k slabs and l = j + 1,
j + 2 . . . j + k � 2. The above recurrence relation satisfies
all values for k = 2, 3 . . . etc. The first and third terms
are not under the summations of optical paths across the
fibre and the liquid, because the beam enter the fibre slab
number j at the curved surface of it and emerge the fibre
slab number J + k � 1 from the curved interface. The sum-
mations express the optical paths across the slabs, which
the beam strikes and refracts through its parallel surfaces.
The angles and distances state in the above recurrence rela-
tion can be expressed as:

hilþ1 ¼ hrl ð25Þ

hrl ¼ sin�1 nj

nl
cosðhij � hrjÞ

� �
ð26Þ

and

xl ¼ r � ðl� 1Þa ð27Þ
The beam will emerge at distance xel, which is given by;

xel ¼ r sin bl ð28Þ
where

bl ¼ ðhel þ hrlÞ �
p
2

ð29Þ

And the emergence angle will be given by:

hel ¼ sin�1 ONl

r

� �
ð30Þ

In the last case, we describe the refraction through multi-
slabs of bent optical fibre cladding.

3. Experimental technique

The Fizeau interferometer in transmission is very sensi-
tive and accurate multiple-beam interference based tech-
nique. Fig. 5a illustrates the schematic diagram of this
interferometer. The wedge interferometer containing the
bent optical fibre, which is immersed in a suitable liquid,
is shown in Fig. 5b. The sharp interference pattern perpen-
dicular to the fibre is obtained by adjusting the wedge angle
and the gap thickness between the two optical flats. CCD
camera attached to the microscope to capture the produced
microinterferogram. The CCD connects to a PC through a

Fig. 5. The schematic diagrams of (a) Fizeau technique (b) the wedge
interferometer.
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frame grabber. Using CCD camera and frame grabber, the
microinterferogram is transferred to the computer. Then
the microinterferograms are analyzed using one dimension
Fourier’s transform [23]. Using a prepared program the
refractive index profile and other optical parameters are
calculated.

4. Experimental results and discussion

Multiple-beam Fizeau interferometer in transmission is
used to characterize the bent optical fibre. The obtained
microinterferograms of multiple-beam Fizeau fringes for
strain free isotropic optical fibre immersed in different
liquids are given in Fig. 6. Fig. 6b illustrates the microinter-
ferogram in the matching case (nL = ncladding) using mono-
chromatic light of wavelength k = 546.1 nm. In the
mismatching case (nL 6¼ ncladding) the fringe shift inside
the cladding will be negative when nL > ncladding and it will
be positive when nL < ncladding as shown in Fig. 6a and c,
respectively. A comparative study for the refractive index
profile of the used bent free optical fibre are carried out
using the suggested slab model and the other models [8,21].

The refractive index profile of bent free homogenous
optical fibre cladding is calculated considering the refrac-
tion using the model when the beam passing across the
cladding only [8]. Also, the Hamza et al. (1995) multilayer
refraction model [21] is used to obtain the refractive index
profile of this fibre cladding as well as the described new
slab model. Fig. 7 shows the calculated refractive index
profiles which calculated using the mentioned three models.
The obtained refractive index profile for free bent optical
fibre using our described model gets good agreement with
that profiles calculated using the well known models
[8,21]. So that, the new slab model is valid with good
accuracy.

The optical fibre is bent circularly with radius R =
15.05 mm. The effect of the bending on the optical fibre
cladding refractive index appears as deformation of the
fringe shift inside it. The microinterferogram shown in
Fig. 8a is obtained when a polarized light component
vibrating parallel to the fibre optical axis is used. The fringe
shift along the bent optical fibre will be negative in the

extension region and it will be positive in the compression
region.

Fig. 8b shows the microinterferogram of Fizeau fringes
when using a polarized light component vibrating perpen-
dicular to the fibre axis. One notes that, the fringe shift
across the bent optical fibre is not affected by the bending
at this polarization state. This means that the bent optical
fibre refractive index n\ in the direction perpendicular to
the fibre axis remains unchanged through the bending. In
other words, the cladding refractive index n\ will be equal
to the refractive index nL of the matching liquid. The iso-
tropic optical fibre becomes anisotropic due to the bend-
ing effect. Because of the bending, the refractive index nk

of the bent optical fibre will change in the parallel
direction.

The multilayer refraction model [21] and the new slab
model are used to calculate the refractive index profile of
the bent optical fibre (at R = 21.9 mm) which is given in
Fig. 9. The multilayer refraction model cannot be used in
the bending case. This is due to the multilayer model is con-
sidering the fibre cross section consists of large number of

Fig. 6. Microinterferograms of multiple-beam Fizeau fringes for free strain optical fibre (a) nL = 1.4608, (b) nL = 1.4595 and (c) nL = 1.4585 at
k = 546.1 nm.
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circular zones. Every zone has a constant refractive index.
Our new model (slabs) gives good prediction of the refrac-
tive index profile for the bent optical fibre cladding and
more accurate results than when using the circular zone
model [21].

A prepared image-processing program based on the
Fourier transform mechanism used to obtain the contour
lines of the fringe shifts. Fig. 10a–c shows the contour
lines of the automated Fizeau fringes at different bent,
when R = 21.9, 15.05 and 8.95 mm, respectively, and
monochromatic light beam vibrating parallel to the fibre
axis. The magnitude of the fringes shift is a function that
decreases as the bending radius (R) increases and conse-
quently the refractive index component in the parallel
direction nk. In addition, the birefringence will increase
as the bending radius decrease and vice versa. The auto-
matic fringe analysis programme includes the calculation
of the refractive index profile of the bent optical fibre
cladding. This procedure based on the above described
mathematical expressions which taking into consideration
the refraction of the incident light beam by the liquid–
fibre interface. Fig. 11 gives the refractive index profile
nk for the bent fibre with the refraction consideration at
R = 21.9, 15.05 and 8.95 mm, respectively. The refractive
index nk of the bent optical fibre cladding increases in

the compression region (x < 0) toward the fibre surface
while it decreases in the extension region (x > 0). The
matching liquid is used to obtain the mentioned microin-
terferograms at different radii of bending. Easily one can
get the refractive index of the fibre n\ which equals to the
refractive index of the matching liquid (n\ = 1.4595 at
k = 546.1 nm). The induced birefringence (Dninduced) was
calculated with the refraction consideration and is given
in Fig. 12 at R = 21.9, 15.05 and 8.95 mm, respectively.
The induced birefringence has the same behavior as the
refractive index (nk) profile along the bent fibre cladding
diameter.

Bending of the fibre will affect the guidance parameters
such as the numerical aperture N.A and the acceptance
angle hm. The numerical aperture, which is important in
the fields of applications and is given by N:A ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2
c � ðn11Þ2

q
. Where nc is the refractive index of the core

for the used single mode optical fibre. The N.A defined
as the sine of the acceptance angle (N.A = sinhm).

Fig. 13 shows the calculated acceptance angle (hm) at
different bending radii (at R = 8.95, 15.05 and 21.9 mm),
respectively. This guiding parameter increases in the ten-
sion region and decreases in the compressed region.

The normalized index difference (D) can be calculated

using the refractive indices values [1], D ¼ n2
c�n2

cl

2 n2
c

. The calcu-

lated refractive index of the core nc for the used single mode
optical fibre is 1.4624 ± 1 � 10�4. The refractive index of
the bent free cladding ncl is 1.4595 ± 1 � 10�4. Then, the
calculated value of D is 0.2002%. This value is too closed
to the standard value 0.2% [1] for such that single mode
optical fibres.

To avoid large losses in the bent optical fibre the bend-
ing radius should be greater than a certain value. The
model fields will be confined within and relatively close
to the core under this condition [24] ðR� rcV 2

2D Þ. Using this
condition and the values of (V, D and rc = 5 lm) for the
used fibre, the bending radius R can be calculated. Where
V is the normalized frequency parameter, V = 2.405 [1].
Therefore, R must be greater than 7.1 mm.

In conclusion, the refractive index, the induced bire-
fringence and the guidance parameters are dependent on
the bending radius as well as the produced mechanical
strain.

Fig. 8. The experimental microinterferograms of multiple-beam Fizeau fringes for the bent fibre at R = 15.05 mm, nL = 1.4595 and k = 546.1 nm, when
using light beam vibrating (a) parallel and (b) perpendicular to the fibre axis.
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Fig. 9. The refractive index profiles for the bent optical fibre cladding
calculated using the multilayer method and the suggested method at
R = 21.9 mm.
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Fig. 10. The automated Fizeau fringes using a light beam vibrating parallel to the fibre axis at (a) R = 21.9, (b) R = 15.05 and (c) R = 8.95 mm,
respectively.
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Fig. 11. The refractive indices (nk) profiles of the bent fibres cladding with
the refraction considerations at R = 21.9, 15.05 and 8.95 mm.
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Fig. 12. The induced birefringences of the bent fibres cladding with the
refraction consideration at R = 21.9, 15.05 and 8.95 mm.
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5. Conclusion

The isotropic optical fibre material becomes anisotropic
material under the effect of mechanical bending. The
induced anisotropy in the bent optical fibre leads to the
appearance of the optical birefringence. The zones model
[21] does not predict the refractive index profile of the bent
fibre. Other coworker deals with this problem neglecting
the refraction of the incident beam by the fibre [19,25].

In this work, the automated multiple-beam Fizeau inter-
ferometer based on the Fourier transform fringe analysis
technique is used to calculate the refractive indices, the
induced birefringence and the guidance parameters of the
bent optical fibre cladding at different bending radii. A
new slab model considering the refraction of the incident
beam through the liquid/fibre interface is the base of the
calculations. The optical and guidance parameters across
the bent optical fibre cladding regions (compression and
extension) are calculated with high accuracy. The refractive
indices taking refraction of the light beam into consider-
ation are obtained as well as the induced birefringence.
The bent radius is recommended to be greater than
7.1 mm to avoid model fields losses. The advantage of this
technique is based on the refraction consideration as well

as the aid of the prepared image processing programs.
The computerized Fizeau interferometer helps one to save
time and gets highly accurate results.
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Fig. 13. The acceptance angle (hm) across the bent optical fibres cladding
at R = 8.95, 15.05 and 21.9 mm.
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