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a b s t r a c t

In this paper, efforts done towards simultaneous improvement in linear displacement range and sensitiv-
ity of self-referenced fiber optic displacement sensor (FODS) are reported. A comparative study of three
different configurations of self-referenced FODS having same geometrical structure has done. All config-
urations contain one transmitting fiber and two receiving fiber groups. The self-referencing is effected by
taking the ratio of outputs of second to first receiving group. A transmitting and a receiving fiber in a first
receiving group are same. In type I configuration, the second receiving group has three optical fibers are
collinear. In type II configuration, the second receiving group has an optical fiber having core diameter
three times to transmitting fiber. In type III configuration, the second receiving group has seven optical
fibers which are arranged in a circular fashion. In type I and III configuration, all optical fibers are
identical and the output of second receiving group is taken as a sum of outputs of receiving fibers. The
simulations and experimentations are carried out for all configurations. The obtained linear displacement
ranges are 2.1, 1.3 and 2 mm with sensitivities of 0.42, 1.25 and 1.31 mm�1 having less than 2% nonlin-
earity error for type I, II and III configurations. Type III configuration offers improved linear displacement
range and sensitivity as compared to type I and II.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Intensity modulation based fiber optic displacement sensors
having different configurations are reported in the literature [1].
Fiber optic displacement sensors (FODS) have been used for the
determination of various parameters like vibration, stain formation
on human teeth and thickness of reflector [2–5]. Self-referenced
FODS is immune to change in light source intensity and reflectivity
of a reflector [6]. Self-referencing is also used to improve linear
displacement range and sensitivity of FODS. Several researchers
[7–12] have used the Gaussian beam approach for the modelling
of fiber optic displacement sensors. Yang and Oyadiji [11] have
reported a self-referenced intensity modulated linear array based
FODS to improve linear displacement range and sensitivity. Due
to the linear arrangement of receiving fibers, the light receiving
area is small. Therefore the further improvement in sensitivity is
limited. Lim et al. [12] have reported a bifurcated FODS having
asymmetry in core radius of transmitting and receiving fiber. It

has been shown that the linear displacement range is increased
with increasing the core radial ratio between receiving fiber and
transmitting fiber. However, the sensitivity is reduced.

In this paper, a new approach towards simultaneous improve-
ment in linear displacement range and sensitivity of self-
referenced FODS is reported. According to Yang and Oyadiji, the
linear displacement range and sensitivity is increased using config-
uration as shown in Fig. 1(a) (Nowonwards itwouldbe referred to as
type I). In type I configuration, the second receiving group has three
optical fibers which are identical to transmitting fiber. Self-
referencing is effected by taking the ratio of receiving fiber outputs
from group 2 and group 1. With this arrangement though the linear
displacement range is significantly increased, the sensitivity
increase is limited. According to Lim et al. the linear displacement
range is increased with increasing the core radial ratio between
receiving fiber and transmitting fiber. Fig. 1(b) shows a configura-
tion (Type II) based on a similar concept but adding group 1 receiver
for self-referencing. In type II configuration, the second receiving
group has one optical fiber having core diameter three times of
transmitting fiber. Self-referencing is done by taking the ratio of
receiving fiber outputs from group 2 and group 1. The improvement
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in sensitivity is proposed to be done using a self-referencing tech-
nique. A novel configuration (Type III) of self-referenced FODS is
reported to improve both linear displacement range and sensitivity
as shown in Fig. 1(c). In type III configuration, the second receiving
group has seven optical fibers which are arranged in a circular fash-
ion. All optical fibers in type III configuration are identical to each
other. Similar to the type I and II configuration the self-referencing
is done by taking the ratio of receiving fiber outputs from group 2
and group 1. A comparative study of three types of configurations
of self-referenced FODS having same geometrical structure has
done.

2. Analytical modeling

The geometry of reflective type of fiber optic displacement sen-
sor is as shown in Fig. 2. The light intensity emitted from the trans-
mitting fiber is described with a Gaussian distribution [7].

Iðr; zÞ ¼ 2PE

px2ðzÞ exp
�2r2

x2ðzÞ
� �

ð1Þ

where PE is the light power emitted from transmitting fiber, r is the
radial coordinate, z is the longitudinal coordinate from the light ori-
gin, x(z) is the beam waist radius which is a function of z, and

xðzÞ ¼ x0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ z

zR

� �2
s

The waist radius x0 and Rayleigh range zR are the important
parameters in the Gaussian beam function.

The light power collected by the receiving fiber is evaluated by
integrating light intensity (I) over the fiber end surface area (Sa),

PðzÞ ¼
Z
Sa

Iðr; zÞdSa ð2Þ

However, the exact integration is impossible. Therefore,
assumptions and approximations were used to solve the integra-
tion. For points situated in the far-field, z� zR the following rela-
tions with the divergence angle can be obtained

ha ¼ tanðhaÞ ¼ xðzÞ
z

¼ x0

zR
¼ k
px0

ð3Þ

The core radius of the transmitting and receiving fibers are
given by the approximations

rT ¼ za tanðhaÞ � zaha ð4Þ
and

rR ¼ k1rT ¼ k1zaha ð5Þ
where za is the distance between the beam source to the fiber end
and k1 is the ratio of core radius of receiving fiber to core radius of
transmitting fiber. The core area of the receiving fiber is calculated
as

Sa ¼ pr2R ¼ pk21r
2
T ¼ pk21z

2
ah

2
a ð6Þ

The radial distance between the two core centers of the trans-
mitting fiber and receiving fiber is determined from

r ¼ rT þ rR þ d ¼ rT þ k1rT þ k2rT ¼ ð1þ k1 þ k2ÞrT ð7Þ
where d is the distance between transmitting and receiving fiber
and k2 is the ratio of the distance between transmitting and receiv-
ing fiber to core radius of transmitting fiber.

The path of the beam from the beam source to the bundle end
after the reflection is given by,

za þ 2h ð8Þ

The displacement parameter in the normalized form is pre-
sented as

n ¼ z
za

¼ za þ 2h
za

¼ 1þ 2
h
za

¼ 1þ 2hN ð9Þ

where h is the displacement between reflective mirror to the fiber
end and hN is the normalized distance.

The received power by receiving fiber is given by,

PðnÞ ¼ 2PEk
2
1

n2
exp

�2ð1þ k1 þ k2Þ2
n2

 !
ð10Þ

Fig. 1. (a) Type I, (b) Type II and (c) Type III configuration of self-referenced FODS.

Fig. 2. Geometry of reflective type fiber optic displacement sensor.
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