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Appendix A 

Gaussian Beam Propagation 

 In general, the light emitted from the laser can be approximated by assuming 

that the laser beam has an ideal Gaussian intensity profile, which corresponds to the 

theoretical TEM00 mode. In TEM00 mode, the beam coupled from a laser begins as a 

perfect plane wave with a Gaussian transverse irradiance profile as shown in Fig. B.1. 

To specify and discuss the propagation characteristics of a laser beam, it has to define 

its diameter at which the beam irradiance has fallen to 21 / e  of its peak, or axial value 

and the other define is the diameter at which the beam irradiance has fallen to 50% of its 

peak refereed as FWHM or full width at half maximum.  

 

Fig. A.1: Irradiance profile of a Gaussian TEM00 mode 

 When the light wave propagates further, it becoming spread transversely caused 

by diffraction, and it is therefore impossible to have a perfectly collimated beam. The 

spreading of a laser beam can be predicated precisely from the pure diffraction theory; 

aberration is totally insignificant in the present context. Even, if a Gaussian TEM00 laser 
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beam wavefront was perfect flat at some plane; it can quickly acquire curvature and 

begin spreading in accordance with  

22
0( ) 1 wR z z

z
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
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                                     (A-2) 

where z is the distance propagated from the plane where the wavefront is flat, is the 

wavelength of light, w0 is the radius of the 21 / e  irradiance contour at the plane where 

the wavefront is flat, ( )w z  is the radius of the 21 / e  contour after the wave has 

propagated a distance a, and ( )R z is the wavefront radius of curvature after propagating 

a distance z. ( )R z is infinite at z=0, passes through a minimum at some finite z, and 

rises again towards infinity as z is further increased, asymptotically approaching the 

value of z itself. The plane z=0 marks the location of a Gaussian waist, or a place where 

the wavefront is flat and w0 is called the beam waist radius. 

 

Fig. A.2: Diameter of a Gaussian beam 

  The irradiance distribution of the Gaussian TEM00 beam, namely, 
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                                     (A-3) 

where ( )w w z and P is the total power in the beam, is the same at all cross section of 

the beam. Simultaneously, as ( )R z asymptotically approaches z for large z, ( )w z

asymptotically approaches the value 

0

( ) zw z
w



                                                        (A-4) 

wherez is presumed to be much larger than 0 /w  so that the 21 / e irradiance contours 

asymptotically approach a cone of angular radius 

0

( )w z
z w




                                                 (A-5) 

This value is the far-field angular radius of the Gaussian TEM00 beam. The vertex of the 

cone lies at the center of the waist, as shown in Fig.A.3. 

 

Fig. A.3: Growth in 21 / e  radius with distance propagated away from Gaussian waist       

 Thus, it is important to note that for a given value of  , various of beam 

diameter and divergence with distance z are functions of a single parameter, w0, the 

beam waist radius. Near the beam waist, the Gaussian beam is typically close to the 

output of the laser, the divergence angle is extremely small; far from the waist, the 
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divergence angle approaches the asymptotic limit described above. The Raleigh range 

zR defined as the distance over which the beam radius spreads by a factor of 2 , is 

given by,                       
2
0

R
wz 


                                    (A-6) 

 

Fig. A.4: Change in wavefront radius with propagation distance 

 At the beam waist (z=0), the wavefront is planar. Likewise, at z  , the 

wavefront is planar. As the beam propagates from the waist, the wavefront curvature 

must increase to a maximum and then begin to decrease, as shown in Fig. A.4. The 

Raleigh range considered to be the dividing line between near-field divergence and mid-

range divergence, is the distance from the waist at which the wavefront curvature is a 

maximum. Far-field divergence must be measured at a distance much longer than zR 

(usually>10*zR). It is very important distinctions because calculations for spot size and 

other parameters in an optical train will be inaccurate if near or mid-field divergence 

values are used. For a tightly focused beam, the distance from the waist (the focal point) 

to the far-field can be few millimeters or less. For beams coming from the laser directly, 

the far-field distance can be measured in meters. 
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 Normally, one has a fixed value for w0 and uses the expression Eq. (A-2) to 

calculate the w(z) for an input value of z. However, one can also using this equation to 

see how final beam radius varies with starting beams radius at a fixed distance z. 
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sensitivity selection and linear range. The effect of focal length and diameter of the concave mirror on the
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displacement response is investigated. The experimental and theoretical results show that the second
dip of the displacement response is located at distance equivalent to twice of focal length. For the third
slopes and above, the sensitivity and the linear range of the sensor are strongly dependent on the focal
length and diameter of the mirror. A good agreement between the theory and experimental results are
shown. The measurement range as far as 26 mm can be achieved by using a 12 mm focal length concave
oncave mirror
iber optic sensors

mirror.

. Introduction

Fiber optic displacement sensors (FODSs) are widely employed
or the measurement of strain, pressure, vibration, temperature,
tc., primarily due to their compactness, light weight, high sensi-
ivity and immunity to a hostile environment. They can be classified
nto intensity-based and interferometry-based sensors [1,2]. For
nterferometry-based FODS, two optical waves with different opti-
al paths are combined to generate interference fringes; one optical
ave, the measurement wave is modulated by the displacement to

e measured and the other optical wave, the reference wave, is not.
he change in the displacement, therefore, alters the optical path
ifference between two waves resulting in a shift in the interfer-
nce fringe pattern. As a result, the displacement change can be
educed from the measured fringe shift with ultra-high precision.
owever, this technique requires complicated instruments and is
andwidth limited. In comparison, an intensity-based FODS is sim-
le to construct, uses less expensive components, and can have very
igh bandwidth [3].

Optical bundle fiber is typically used as a probe for intensity-
ased FODS. The amount of the light collected by the bundle fiber

s directly correlated to the displacement between the fiber and the

eflective surface. The geometry structure of the bundle fiber affects
he transfer function and sensitivity of the FODS. The relationship
etween the blind region and peak position of the transfer function
o the inclination angle and gap spacing between the transmit-

∗ Corresponding author at: Department of Electrical Engineering, University of
alaya, 50603 Kuala Lumpur, Malaysia.

E-mail address: swharun@um.edu.my (S.W. Harun).

924-4247/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.sna.2010.05.029
© 2010 Elsevier B.V. All rights reserved.

ting core and receiving core have been intensively investigated and
reported in many literatures [4,5]. On the other hand, some studies
have shown that the type of reflective mirror in the configuration
may have a crucial influence to the performance of the sensor. In the
performance comparison between reflective mirrors with metallic
and non-metallic surface, the metallic surface mirror has exhib-
ited a greater sensitivity due to its spectacular reflection [6]. In this
paper, a new intensity-based FODS is proposed and demonstrated
using a bundle fiber as a probe and a concave reflective mirror as a
target. A simulation model is presented and verified by an exper-
imental measurement. The effect of focal length and diameter of
the concave mirror on the performance of the FODS is also inves-
tigated. The proposed sensor has a longer dynamic range, which is
very important in many applications such as in the meso-robotics
field to undertake nano-positioning task on a wide stroke [7].

2. Theoretical simulation

The configuration of the proposed FODS which consists of a pair
type bundle fiber and a concave mirror is shown in Fig. 1. As shown
in the figure, the longitudinal axis of the transmitting fiber core is
co-axis with the normal axis of concave mirror. The original laser
source emitting point O is situated in the transmitting fiber and
at a distance of za from the fiber surface end. After the reflection
in the concave mirror, the reflected laser source is concentrated
at point O′ and virtually becomes another emitting point source.

Based on the spherical mirror equation, some important relations
are determined as follows:

1
u + za

+ 1
v

= 1
f

(1)

dx.doi.org/10.1016/j.sna.2010.05.029
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:swharun@um.edu.my
dx.doi.org/10.1016/j.sna.2010.05.029
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Fig. 1. Configuratio

here f denotes the focal length of the concave mirror while u is
he distance between the sensor probe tip and concave mirror. �
s the distance from the virtual point source to the concave mirror
nd is given by:

= f (u + za)
u − f + za

(2)

Geometrically, the distance between the sensor probe tip and
he virtual laser source can be determined by:

= u − v

= u − f (u + za)
u − f + za

(3)

The acceptance angle of the light cone from the virtual point
ource O′, �′ is given by:

′(z) = tan−1
((

u + za − f

f

)
tan �

)
(4)

here � = sin−1 (NA) and NA is the numerical aperture of the trans-
itting fiber.
The intensity of the light emitted from the transmitting core or

ber can be well described with Gaussian distribution [8] as shown
n the following equation. The light intensity decays exponentially
s it goes radially away from the center of the light circle:

(r, z) = 2PE

�ω2(z)
exp

(
− 2r2

ω2(z)

)
(5)

here r and z is the radial and longitudinal coordinate, respectively.
(z) is the beam radius and expressed as a function of z as:

(z) = ω0

√
1 +

(
z

zR

)2
(6)

The waist radius ω0 and Rayleigh range zR are the important
arameters in the Gaussian Beam function and the detailed descrip-
ion can be found in Ref. [8]. For points situated in the far-field
egion, z >> zR, the following relations with the acceptance angle
an be obtained:

≈ tan � = ω(z)
z

= ω0

zR
= �

�ω0
(7)

The beam radius of the virtual point source is ω(z) = z�′(z). The
elation between the acceptance angle �, transmitting fiber core
adius rt and za can be described by the equation below:
a = rt

tan �
(8)

By the approximation, rt = rr = za tan � ≈ za�. The radial dis-
ance from the core center of the transmitting fiber to the core
enter of receiving fiber is r = 2za�
he proposed FODS.

Based on the properties above, the power harnessed by the
receiving fiber, P can be evaluated by integrating the Gaussian
distribution function (5) over the area of the receiving fiber end
surface, Sr as:

P(r, z) =
∫

Sr

I(r, z)dSr (9)

where the core area of the receiving fiber is given by:

Sr = �r2
r = �z2

a �2 (10)

Based on Eqs. (3), (4), (5) and (10), the received power as func-
tions of displacement and focal length can be written as:

P(u, f ) = 2PE

�ω2(z)
exp

(
− 2r2

ω2(z)

)
× Sr = 2PESr

(z�′(z))2

exp

(
−2(2za�)2

(z�′(z))2

)
(11)

and therefore

P(u, f )= 2z2
a PE

[u − ((u + za)f/(u − f +za))]2(((u + za)/f ) − 1)2

exp

(
− 8z2

a

[u−(((u + za)f )/(u − f +za))]2((u + za)/(f ) − 1))2

)
(12)

In the near field sensing, most of the transmitted light from
the bundled fiber is reflected back to bundled fiber as long as the
incident light cone is within the reflecting surface area of the mir-
ror. However, as the displacement increases the incident light cone
grows larger. The maximum reflected light power from the mirror
decreases due to the limited reflecting surface area of the mir-
ror and subsequently influences the displacement response of the
sensor. Thus, the reflecting surface area of the mirror becomes a sig-
nificant parameter in the far-field analysis. The maximum reflected
light power by the circular shape concave mirror is determined by:

E(D, u) =
∫ D/2

0

2
�ω2(z)

exp

(
− 2r2

ω2(z)

)
· 2�rdr

=
[
− exp

(
− 2r2

ω2(z)

)]D/2

r=0

(13)

where D is the diameter of the concave mirror. Function ω(z) can
be well approximated by (u + za)�, thus:( )

E(D, u) ≈ 1 − exp − D2

2(u + za)2�2
(14)

In consideration of the limited reflecting surface area of the
mirror, the displacement response of the proposed sensor is given
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placement sensor with a concave mirror as the object.
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response of the proposed sensor shares the similar characteristic
with the flat mirror FODS. As the sensor probe displaces further,
the displacement response of the concave mirror FODS deviates
from the displacement response of flat mirror FODS. Interestingly,
Fig. 2. Experimental set-up for the fiber optic dis

y:

rm(u) = P(u, f ) × E(D, u) (15)

hich is governed by two important parameters, namely focal
ength f and the diameter of the circular concave mirror D.

. Simulation and experiment

The theoretical model of the sensor is simulated using a MATLAB
rogram. The theoretical results are then compared with the exper-

mental one. Fig. 2 shows the experimental set-up used to test the
ensor. The light from a He–Ne laser (� = 594 nm) is coupled into
transmitting core and is emitted at the end of the bundle fiber

o the concave mirror. The reflected light is then collected by the
eceiving core and transmitted to the silicon detector. The laser pro-
ides an average output power 3.0 mW, beam diameter 0.75 mm
nd beam divergence 0.92 mRads. The multimode plastic bundle
ber consists of two cores with a length of 2 m and core radius
f 0.25 mm. The external chopper is used to modulate the laser at
frequency of 200 Hz before it is launched into the transmitting

ore. The concave mirror is fixed in a translation stage, which is
ontrolled by a NewFocus Picomotor to multi-axial displacement.
isplacement measurement is implemented in the y-axis direction
hile the other two axis’s provide accurate alignment of the fiber
robe and ensure that the longitudinal axis of the transmitting fiber

s co-axis with the normal axis which is also located at the center
f the concave mirror. Silicon detector measures the received light
y the receiving fiber and converts it into electrical signal which

s then denoised using the lock-in amplifier. The concave mirrors
f four different focal lengths, 6 mm, 8 mm, 10 mm and 12 mm are
sed in this experiment and theoretical analysis. The effect of con-
ave mirror diameter which represents the mirror aperture area
s also investigated. Four different diameter values are used in the
imulation and experiment; 12 mm, 16 mm, 20 mm and 24 mm for
fixed focal length of 10 mm.

. Results and discussions

The basic principle of flat mirror based FODS can be found in the

iterature [4] and the essence of the following discussion focuses on
he basic principle of concave mirror based FODS and its character-
stic comparison with flat mirror FODS. Fig. 3 depicts two different
isplacement responses of FODS based on flat mirror and concave
irror. Due to two distinctive optical properties of the two mirrors,
Fig. 3. The experimental results for displacement responses of flat mirror and con-
cave mirror with 2f = 12 mm.

two different characteristic curves are observed in the experiments.
In the near displacement sensing range (0–4 mm), the displacement
Fig. 4. Displacement of sensor probe against distance of virtual point source.
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ig. 5. The performance of the proposed FODS at various focal length (FL) (a) 6 mm,

he displacement response reaches another two maximum points
hich are located sandwiching the point at 2f. This can be explained

y analyzing the location of the virtual point source in Fig. 4.
Fig. 4 depicts the relation between the displacement and vir-

ual point source distance for two different configurations: flat
irror FODS and concave mirror FODS. The virtual point source

istance is measured from sensor probe tip to virtual point source.

n the near displacement range (0–4 mm), the flat mirror and con-
ave mirror FODS shares the similar displacement variation and
his explains the similarity of displacement responses between
he two sensors in the range. As the sensor probe approaches the

Fig. 6. The performance of the proposed FODS at various mirror diameters when the
m, (c) 10 mm and (d) 12 mm. The diameter of the concave mirror is fixed at 12 mm.

focal point (u = f) of the concave mirror, the location of the virtual
point source is moving far away from the sensor probe thereby the
displacement response comes to the first local minima. As the dis-
placement u approaches 2f, the displacement response reached the
second local maxima and then the third local maxima which are
marked by cross (×) symbols in Fig. 4. By observing all ‘×’ marked
points in Fig. 4, it is easy to find that three of virtual point sources

are located at a specific distance from the sensor probe (approx-
imately 2 mm). At u = 2f, the virtual point source is located at the
end surface of the transmitting fiber (marked by ‘*’) which light
incident cone has become a small dot in the transmitting fiber

focal length is fixed at 10 mm. (a) 12 mm, (b) 16 mm, (c) 20 mm and (d) 24 mm.
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ore center and no light power can be collected by the receiving
ber.

Fig. 5 compares the theoretical and experimental displacement
esponses at various diameters of the concave mirror. As shown in
he figure, the experimental curve is well agreed with the theoret-
cal curve. There are six linear slopes in the displacement response
nd four of them are located in the vicinity of u = 2f which is a
unction of the concave mirror focal length as depicted in the fig-
re. This property enables flexible sensing based on displacement
ange of interest by properly choosing the desired focal length. In
he observation, it is found that the received powers at second
nd third peaks of the displacement response decrease over the
isplacement as predicted in Eq. (14). As shown in Fig. 5(d), the
easurement range as far as 26 mm is achieved by using a 12 mm

ocal length concave mirror. As the target is not flat, some por-
ions of the experimental curves do not match with the theoretical
urve as shown in Fig. 5. This is attributed to the probe end which
s not exactly aligned to the concave center during experimental
mplementation.

Fig. 6(a)–(d) illustrates the influence of the mirror diame-
er (representation of mirror aperture area) to the displacement
esponse of the proposed FODS. The larger is the mirror diameter,
he nearer is the power of the second and third peaks to normalized
ower of 1. As shown in the figure, the first and second slopes of
he FODS are not influenced by the mirror diameter. However, the
hird and the following slopes are strongly influenced by the mir-
or diameter. For instance, the linear range of the third slope can
e improved by reducing the diameter. These results show that
he proposed FODS offers a flexible sensing based on displacement
ange of interest by properly choosing the desired focal length and
iameter of the mirror. In addition, the design for the proposed
ensor is not restricted by the trade-off between linear range and
ensitivity which is often encountered in the design of conventional
at mirror based FODS.

. Conclusion

A concave mirror based FODS is proposed and demonstrated.
mathematical model is developed based on spherical properties

f the concave mirror and the simulated results are found to be in

ood agreement with the experimental results. The study indicates
hat the focal length and the reflective aperture area of the mirror

ake significant influence to the displacement response curves.
he displacement response curve has six slopes with the first two
lopes show a similar characteristic with the conventional flat mir-
uators A 162 (2010) 8–12

ror based FODS. The other four slopes are located in the surrounding
of u = 2f which indicates the feasibility of selecting linear range of
interest based on the concave mirror focal length and diameter.
The measurement range as far as 26 mm can be achieved by using
a 12 mm focal length concave mirror.
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A fiber-optic displacement sensor (FODS) is theoretically and experimentally studied using an asymmetrical
bundled fiber. The bundled fiber consists of two parallel fibers with different core radial ratios (CRRs) to achieve
different sensitivity and dynamic range for displacement measurements. Both analytical modeling and
experimental observations show that the linear range and sensitivity can be adjusted by controlling the CRR
between transmitting and receiving fibers. This increases the flexibility of the sensor, which can be used for precise
non-contact sensing applications.

Keywords: fiber-optic displacement sensor; bundled multimode fiber; asymmetric bundle fiber sensor

1. Introduction

Multimode plastic fiber plays an important role for the

transmission and processing of the optical signal in

communication and sensor applications. This fiber has

a large core size with a relatively high numerical

aperture, which is suitable for the signal coupling and

receiving of reflected light from a target in sensor

applications [1,2]. Based on the merits mentioned,

multimode plastic fiber is found to be perfectly suited

for optical displacement sensing applications. For this

application, a two-fiber probe is normally used in

conjunction with an intensity modulation technique.

This type of sensor provides a promising solution for

displacement measurement in terms of a wide dynamic

range, with high potential for ultra-precise non-contact

sensing. It also provides flexibility for incorporating

the optical sensors permanently into composite struc-

tures for monitoring purposes [3].
In most of the fiber-optical displacement sensors

[4–12], the radii of the transmitting and receiving fibers

are often made the same for the convenience of

analytical study and experiments. However, there is a

lack of research work on displacement sensors using

bundled fibers with different core radii. In this paper, a

mathematical model of a displacement sensor using

asymmetrical bundled fibers is developed. Some

simulations were carried out based on the mathemat-

ical model and experimental results were also obtained

to validate the MATLAB simulated results. The effects

of different core radial ratios (CRRs) on the dynamic

range, sensitivity and illumination area of bundled
fibers are analyzed and discussed.

2. Modeling of the asymmetric bundle fiber

displacement sensor

The proposed fiber-optic displacement sensor (FODS)
consists of transmitting and receiving fibers as well as a
reflecting mirror. Both fibers are of different core
radius and are bundled together in parallel, as shown
in Figure 1. Let rT and rR denote the core radius of the
transmitting fiber and the core radius of the receiving
fiber. The core radial ratio, CRR is the ratio of the
transmitting fiber core radius and the receiving fiber
core radius, as given below:

CRR, k ¼
rR
rT
: ð1Þ

Figure 2 shows the geometric illustration of the
overlapping area between the reflected light circle and
the core of the receiving fiber at different CRRs. Based
on this figure, with the same core radius of the
transmitting fiber; the reflected light power collected
by the receiving fiber increases with the increasing core
radius of the receiving fiber. The larger the receiving
fiber core radius and core area, the larger fraction of
reflected light can be collected by the receiving fiber. In
a previous report [10], two major approaches were
introduced for theoretical analysis, namely the geo-
metrical and Gaussian beam approaches. For the
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former, the simple assumption is made that the light

intensity is constant within the reflected light circle. On

the other hand, the light intensity outside the reflected

light circle is null. This approach is apparently less

accurate compared with the second approach. The

Gaussian beam approach is a more realistic and more

accurate method. The intensity of the light emitted

from the transmitting fiber is described with a

Gaussian distribution, as shown in Equation (2). The

light intensity decays exponentially as it moves radially

away from the center of the light circle.

Iðr, zÞ ¼
2PE

�!2ðzÞ
exp �

2r2

!2ðzÞ

� �
ð2Þ

where r is the radial coordinate, z is the longitudinal

coordinate from the light origin. !ðzÞ is the beam

radius which is also a function of z, and

!ðzÞ ¼ !0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

z

zR

� �2
s

:

The waist radius !0 and Rayleigh range zR are the

important parameters in the Gaussian beam function.

The light power collected by the receiving fiber

can be evaluated by using the integral as shown in

Equation (3).

PðzÞ ¼

ð
SR

Iðr, zÞdSR: ð3Þ

However, the exact integration is tedious and impos-

sible. Therefore, assumptions and approximations

were used to solve the integration. For points situated

in the far-field, z� zR the following relations with the

divergence angle can be obtained

�a ¼ tan �a ¼
!ðzÞ

z
¼
!0

zR
¼

�

�!0
: ð4Þ

The core radius of the transmitting fiber and receiving

fibers are given by the approximation

rT ¼ za tan �a � za�a ð5Þ

and

rR ¼ k!T ¼ kza�a ð6Þ

where za is the distance between the beam source to the

fiber end [10]. The core area of the receiving fiber is

computed from

Sa ¼ �r
2
R ¼ �k

2z2a�
2
a: ð7Þ

The radial distance between the two core centers of the

transmitting fiber and receiving fiber is determined

from

r ¼ rT þ rR ¼ rT þ krT ¼ ð1þ kÞza�a: ð8Þ

The path of the beam from the beam source to the

bundle end after the reflection is given by

za þ 2h: ð9Þ

The displacement parameter in the normalized form is

presented as

� ¼
za þ 2h

za
ð10Þ

or

� ¼ 1þ 2hN ð11Þ

where hN¼ h/za. To relate the displacement between

the reflective mirror to the fiber end, h, to the transfer

function, with the help of the results determined above,

the collected power of the receiving fiber can be

expressed as

PðhÞ ¼
2PE

�!2ðza þ 2hÞ
exp �

2r2

!2ðza þ 2hÞ

� �
� Sa

¼
2PEk

2z2a
ðza þ 2hÞ2

exp �
2ðð1þ kÞzaÞ

2

ðza þ 2hÞ2

� �
: ð12Þ

Figure 2. Geometrical illustration for the overlapping area
between the reflected light circle and the core of the receiving
fiber at different CRRs. T and R are the transmitting and
receiving fibers, respectively. (The color version of this figure
is included in the online version of the journal.)

Transmitting fiber 

Receiving fiber 

(Cross-section)

rT

rR

Figure 1. Side and front views of the transmitting and
receiving fiber ends.
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By substituting Equation (10) into this equation, we
obtain

Pð�Þ ¼
2PEk

2

�2
exp �

2ð1þ kÞ2

�2

� �
: ð13Þ

The maximum received power is achieved when
P0ð�Þ ¼ 0, and this leads to

�max ¼
ffiffiffi
2
p
ð1þ kÞ: ð14Þ

Based on the above equations, the maximum h is
given by

hmax ¼

ffiffiffi
2
p

kþ
ffiffiffi
2
p
� 1

2
: ð15Þ

The maximum power is given by

Pmax ¼ Pð
ffiffiffi
2
p
ð1þ kÞÞ ¼

k2PE

ðkþ 1Þ2
expð�1Þ: ð16Þ

In the normalized form, Equation (10) is rewritten as

PNð�Þ ¼
Pð�Þ

Pmax
¼

2ðkþ 1Þ2

�2
exp 1�

2ð1þ kÞ2

�2

� �
: ð17Þ

In the analysis, the theoretical model of the FOD
sensor is modeled based on the similar parameters used
in the experiment: the wavelength of the laser source
�¼ 594 nm, the transmitting fiber core radius
rR¼ 0.5mm and numerical aperture value NA¼ 0.4.
Based on the same parameters, four analytical models
were simulated for k¼ 0.5, 1, 2 and 3, which were
based on the available fiber core radius combinations
in the experiments.

3. Experiment

Figure 3 shows the experimental set-up for the FODS
using the bundled fiber with different core radii. The
asymmetrical bundled fiber is constructed by pairing
two different plastic fibers with the core radii of either

0.25mm or 0.50mm or 0.75mm. Owing to the limited
selections of core diameters, six combinations were
selected for the experiments: ½k, rT, rR� ¼ [0.5, 0.5mm,
0.25mm], [1.0, 0.5mm, 0.5mm], [2.0, 0.25mm, 0.5mm]
and [3.0, 0.25mm, 0.75mm]. k is the core radial ratio.
The light source is emitted from a source of 594 nm
wavelength, yellow HeNe laser and modulated using
a chopper spinning at a frequency of 200Hz. The
modulated light beam is then launched into one of the
fibers in 2m long bundled plastic fiber – the transmit-
ting fiber. The fiber probe is placed perpendicularly to
the reflecting mirror.

The light beam emitted from the transmitting fiber
is reflected by the flat mirror and the receiving fiber
collects the reflected light. A precise displacement
reference between the bundle end and the reflecting
mirror is imperative for the experiment. Therefore, a
New Focus 9061 motorized stage, driven by a
picomotor, is used to change the displacement of the
reflecting mirror from the fiber probe. Each incremen-
tal step in the displacement is made identical and
accurate. The collected light power in the receiving
fiber is converted by a silicon detector into electrical
power. Lastly, the electrical signal is filtered by a lock-
in amplifier and recorded in the computer.

4. Results and discussion

In both the theoretical and experimental analysis, the
results are processed and displayed in the normalized
forms in which the output power is normalized by the
maximum output power and the displacement is
normalized by the parameter za. This makes the
output function a dimensionless function and elim-
inates the dependency of the FODS output function on
the fiber core radius and divergence angle. Figures 4
and 5 show the analytical and experimental results,

Figure 4. The experimental result of proposed FODS model
at different CRRs or k values. (The color version of this
figure is included in the online version of the journal.)

Chopper 

Object mirror 

  RS232

HeNe laser

Modulator

Lock-In
amplifier 

Silicon 
detector 

PC

Figure 3. Experiment set-up.
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respectively, for the proposed FODS. As shown in
both figures, the location of the maximum output is
shifted toward the right along the axis of displacement
as the value of k increases. In addition, the linear range
on the front slope and back slope gets larger for every
larger value of k. Both graphs exhibit almost the same
characteristics in the curves as the value of k increases.
This phenomenon can be explained by the use of the
distinctive core radius of the two fibers. As shown in
Figure 2, for the same displacement, the fraction of the
overlap area in the receiving fiber core by the reflected
light circle (shaded area percentage in the receiving
fiber core) differs for different CRR. For a larger value
of k, the fiber displacement sensor requires further
displacement to achieve the maximum overlap area.
Adversely, the sensitivity of the fiber displacement
sensor decreases as the CRR increases. On the other
hand, some error in the initial displacement
(05 h5 0.3) is observed if the two overlaid graphs
are compared. This error accounts for the approxima-
tion used in the theoretical analysis.

The performance of the proposed FODS from the
experimental results is summarized in Table 1. The
results show that the magnitude of the sensitivity
decreases as the CRR or k value becomes larger while
the linear range is larger for a larger value of k. The
sensitivity characteristic trend is consistent with the
theoretical plot, as shown in Figure 6. Figure 6 shows
the normalized sensitivity against normalized displace-
ment at various k values. The curve width of the graph
represents the linear range of the sensor. As shown in
the figure, the linear range of the sensor increases with
the value of k which is in agreement with the
experimental result in Table 1. This property provides
a greater enhancement in FODS applications in terms
of flexibility, wider dynamic range and high precision

displacement measurement. The maximum sensitivity
of 1.76 is obtained at k¼ 0.5. The largest dynamic
range of 3.16 is obtained at k¼ 3. The conventional
FODS, which uses two fibers with identical core radii,
often encounters several restrictions owing to the
limited linear range for the measurement. In addition,
the limited sensitivity option often becomes a challenge
in high-precision measurement. This restriction can be
avoided using a suitable CRR or k value. The k value
can be chosen in a way to provide the optimum
performance.

5. Conclusion

The performance of FODS with asymmetrical bundled
fiber is theoretically and experimentally demonstrated.
The effect of different core radial ratios (CRRs) on the
performance of the sensor is investigated in terms of
dynamic range and sensitivity. The experimental results
are almost in agreement with the theoretical results.
The location of the maximum output is shifted toward
the right along the axis of displacement as the value

0 0.5 1 1.5 2 2.5 3 3.5 4
–0.04

–0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14
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N
or

m
al

iz
ed

 s
en

si
tiv

ity

k = 2.0

k = 1.0

k = 0.5

k = 3.0

Figure 6. Theoretical normalized sensitivity curves of the
fiber displacement sensor at various k values. (The color
version of this figure is included in the online version of the
journal.)

Figure 5. The theoretical result of the fiber displacement
sensor at different CRRs or k values. (The color version of
this figure is included in the online version of the journal.)

Table 1. The sensitivity and linear range for different k
values.

CRR, k
Front slope
sensitivity

Linear
range

Back slope
sensitivity

Linear
range

0.5 1.7615 0.320–0.800 �0.5270 1.312–1.176
1 1.0984 0.230–0.998 �0.3378 1.536–3.302
2 0.9688 0.288–1.296 �0.2581 1.728–4.320
3 0.6955 0.320–1.440 �0.1366 2.240–5.400
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of k increases. In addition, the linear range for both
front and back slopes increases with the value of k.
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Research article

Theoretical and experimental studies on liquid
refractive index sensor based on bundle fiber

S.W. Harun

Department of Electrical Engineering, University of Malaya, Kuala Lumpur, Malaysia, and

H.Z. Yang and H. Ahmad
Physics Department, University of Malaya, Kuala Lumpur, Malaysia

Abstract
Purpose – The purpose of this paper is to investigate, theoretically and experimentally the performance of liquid refractive index sensor (LRIS).
Design/methodology/approach – The proposed LRIS is based on the intensity modulation and a bundle fiber. The mathematical model is used to
study the effect of inclination angle on performance of the sensor.
Findings – The theoretical result shows that the highest sensitivity can be achieved by using a probe inclined with angle 208 which is almost 13 times
higher than that of 08 inclination. In the experiment, three different liquids: isopropyl alcohol, water and methanol are used to investigate the sensor
response. Both theoretical and experimental results show that the peak power and the location of the displacement curve changes with refractive
index. The sensitivities are obtained at 0.11/mm and 0.04/mm for the sensors with 108 and 08 inclination angles, respectively.
Originality/value – In this paper, a simple LRIS is proposed using a bundle fiber as a probe at various inclination angles.

Keywords Fiber optic sensors, Refraction

Paper type Research paper

1. Introduction

Fiber-optic displacement sensors (FODSs) havebeen intensively

studied and experimented due to their many desirable

advantages such as small size, high sensitivity, immunity of

electromagnetic interference and safety for hazardous or

explosive environment (Rastogi, 1997). This sensor consists of

two pieces of fibers, one set connected to a light source and

termed the transmitting fiber, and the other set connected to a

photo detector (photodiode) and known as the receiving fiber.

Both fibers are bundled into a common probe. The FODS has

the capability to measure physical quantities such as the

displacement, vibration, strain, pressure, etc. (Lim et al., 2009;

Yasin et al., 2009, 2007; Suhadolnik et al., 1995). However, the

use of this sensor for detection of environmental refractive

index changehas not been fully explored.Refractive index sensor

is important for biological and chemical applications since a

number of substances can be detected throughmeasurements of

the refractive index. For the liquid refractive index sensor

(LRIS), an intensity modulation is normally used in conjunction

with multimode plastic fiber because of its many advantages

such as non-contact sensing. The use of the multimode plastic

fiber provides an efficient signal coupling as well as being

able to receive the maximum reflected light from a target

(Nath et al., 2008).
A FODS-based refractive index measurement using a bundle

fiber was first introduced by Suhadolnik et al. (1995). Later on

Chaudhari and Shaligram (2002) reported on the study of LRIS

at various types of optical sources. In our earlier work, a FODS

was proposed based on two asymmetrical fibers for liquid

refractive indexmeasurement (Yang et al., 2009). In this paper, a

new LRIS is proposed and demonstrated using a pair type of

bundle at various inclination angles. A mathematical model is

developed to investigate the performance of the sensor with

different inclination angles. An experiment is also carried out to

investigate the sensor performance at various liquid materials.

2. Mathematical model

The structure of the proposed LRIS is shown in Figure 1, which

consists of a pair of transmitting and receiving fibers. We assume

that the transmitting and receiving fibers have inclination angles

of u1 and u2, respectively, against the y-axis. To evaluate the

amount of light illuminating the receiving fiber, the light cone

from the image of the transmitting which is located opposite of

themirror with the same distance, is analyzed. The central of the

receiving fiber and the image of transmitting fiber are denoted as

O0 andO, respectively. As shown inFigure 1, the light leaving the

transmitting fiber is represented by a perfectly symmetrical cone

with divergence angle a and vertex O located at a distance za
inside the fiber.
From the geometrical analysis of Figure 1, a ¼ sin21(NA/n),

and za ¼ r1/tana. Therefore, the following distances are given by:
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AB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2a þ r2d1

q
sin tan21 rd1

za

� �
2

p

2
þ u1

� �
ð1Þ

O0C ¼ 4rd1sinu1 þ 2x2 AB2 rd2sinu2 ð2Þ

OA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2a þ r2d1

q
cos tan21 rd1

za

� �
2

p

2
þ u1

� �
ð3Þ

OC ¼ OAþ rd2cos u2 ð4Þ

OO 0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
O 0C2 þOC2

p
ð5Þ

where the NA is numerical aperture of transmitting fiber, n is

refractive index of liquid, r1 and r2 are the core radius of

transmitting fiber and receiving fiber while the rd1 and rd2 are the

radius of transmitting fiber and receiving fiber, respectively, and

the x is the displacement between the sensor probe tip and

reflector mirror.
Also from the geometrical analysis, the acceptance angle b

of the light cone from the virtual point source O, is given by:

bðzÞ ¼ tan21 O 0C

OC

� �
2

p

2
þ u1 ð6Þ

The intensity of the light emitted from the transmitting fiber

can be well described with Gaussian distribution (Lim et al.,

2009) and is given by:

Iðr; zÞ ¼ 2PE

pv2ðzÞ exp 2
2r2

v2ðzÞ

� �
ð7Þ

where PE is the emitted power from the light source, r is the

radial coordinate and z is the longitudinal coordinate. vðzÞ is
the beam radius and expressed as a function of z,

vðzÞ ¼ v0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðz=zRÞ2

q
. The waist radius v0 and Rayleigh

range zR are the important parameters in the Gaussian beam

function and the detailed description can be found in Lim et al.
(2009). Equation (7) shows that the light intensity decays

exponentially as it goes radially away from the center of the

light circle. The radial coordinate r of equation (7) can be

determined by:

r ¼ OO 0sinb ð8Þ

The longitudinal coordinate is the distance between the

sensor probe tip and the virtual laser source point O and it

can be determined:

z ¼ OO 0cosb ð9Þ

For points situated in the far field z .. zR, the beam radius of

the virtual point source can be derived as (Kleiza and Verkelis,

2007):

vðzÞ < za ð10Þ

By the approximation:

r1 ¼ zatana < zaa ð11Þ

Based on the properties above, the power harnessed by the

receiving fiber, P can be evaluated by integrating the Gaussian

distribution function of equation (7) over the area of the of

receiving fiber end surface, Sr:

Pðr; zÞ ¼
Z
Sr

Iðr; zÞdSr ð12Þ

where the core area of the receiving fiber is:

Sr ¼ pr21 ¼ pz2aa
2 ð13Þ

By combining and substituting equations (8), (9), (10) and (13)

into the equation (12), finally theproposedLRIS response canbe

summarized as:

P ðz;rÞ ¼
2PE

pv2ðzÞ exp 2
2r2

v2ðzÞ

� �
£ Sr

¼ 2z2aPE

z2
exp

2r2

z2a2

� �
ð14Þ

This equation shows that the liquid refractive index response of

sensor is a function of displacement x and refractive index n of

surrounding medium while sensor probe is design of inclination

angles of u1 and u2. Therefore, based on equation (14), the

proposed LRIS can be used to detect the liquid refractive index

where the sensor probe is immersed by the measurement liquid.

Table I shows the list of all variables used in this section and its

definition.

3. Simulation and experiment

The mathematical model of the proposed LRIS is simulated by

MATLAB programming. In the simulation, the wavelength of

the laser source l and numerical aperture NA is set at 594 nm

and 0.32, respectively. The fiber core radius r1 and r2 are set at
0.25 and 0.5mm while the fiber diameters rd1 and rd2 are set at
0.5 and 0.75mm, respectively. Figure 2 shows the experimental

setup, which consists of a 594 nm yellow He-Ne laser source

and a bundled fiber probe. The emitted light source has

Figure 1 Structure of sensor probe
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an average output power of 3.0mW, beamdiameter of 0.75mm

and beam divergence 0.92 of mRads. The external chopper is
used to modulate the light at a frequency of 200Hz before it is
launched into the transmitting fiber. The transmitting fiber

transfers the modulated light to a reflective mirror while the
receiving fiber collects the reflected light, which is then

transferred to the detector. The sensor probe is mounted on the
stage controlled by NewFocus Picomotor for the displacement

measurement. Silicon detector is used to measure the received
light and converts it into electrical signal which is then denoised

using a lock-in amplifier. During the measurement, the room
temperature is maintained at 288C to avoid the change of liquid

refractive index.

4. Results and discussions

Figure 3 shows the sensor responses at different probe

inclination angles u1 and u2 for three different refractive
indices of 1, 1.3 and 1.6. In the simulation, the probe is inclined

with the same angles of 08, 108 and 208, the outputs powers are
normalized into 1 and unit of the displacement is mm. Figure 3

shows three different sensor responses, which were group based
on the three different inclination angles. As seen in Figure 3, it

was found that the inclination angles u1 and u2 reasonably affect
the displacement curves profile and output power. The highest

output power is almost ten times of the lowest output power.
The vertical dash lines are located in the displacements of 1.1,

2.0 and 3.4mm corresponding to the sensor probe inclination
angles of 208, 108 and 08, respectively. Comparing those

positions, the sensor responses have the biggest output power

differentiation when the refractive index is increased from 1.0
to 1.6. The sensor output is also observed to be increased

almost linearly with the refractive index of the medium.
As shown in Figure 3, the performance of the LRIS improves

with an increase of the inclination angles. The larger the
inclination angles of u1 and u2, the better the performance of

liquid refractive index response.
Inset of Figure 3 shows the maximum normalized output of

the sensor as a function of refractive index for various

inclination angles. The normalized outputs were taken at the
sensor probe position of 1.1, 2.0 and 3.4mm for inclination

angles of 208, 108 and 08, respectively, which is indicated by
vertical dash lines in Figure 3. It was found that the sensitivities

of the sensor increase with the increment of probe inclination
angle. As shown in the inset of Figure 3, the highest sensitivity

of 0.8235 is achieved by the use of probe with inclination angle
of 208 which is almost 13 times higher than that in zero
inclination. Figure 4 shows the simulation curves of the LRIS at

various inclination angles for the receiving and transmitting
fibers when the refractive index of liquid is set at 1.3. It is clearly

seen that the inclination angle of receiving fiber u1 has the
stronger affect in the sensor output compared with the angle u2.

As shown in Figure 4, the highest output power is achieved by
the inclination angles; u1 ¼ 208 and u2 ¼ 108. The lowest

output power is observed when the inclination angles of u1 and
u2 are set at 08 and 108, respectively. These results show that the
sensor sensitivity can be increased by increasing the inclination

angle especially for u1. However, increasing the inclination is
very difficult to be implemented in the experiment unless we

can control the position of both fibers very precisely. Therefore,
the angle cannot be increased to more than 208 in this work.
In our experiment, three different liquids: isopropyl alcohol,

water and methanol are used as the surrounding medium at

two conditions; zero inclination for both fibers and the same
inclination angles of 108 for both fibers. The refractive index
values for isopropyl alcohol, water and methanol are 1.377,

1.333 and 1.329, respectively. The performance of the sensor
which uses air as the surrounding medium is also investigated

for comparison purpose. During the experiment operation,
the sensor probe is mounted onto the stage and the tank is

fixed in the experiment table. The liquid in the tank is
changed without moving the tank to ensure the accuracy of
the measurement. The room temperature was kept at 288C to

ensure that the refractive index of the liquid is maintained and
only displacement parameter is changed in the experiment.
Figure 5 shows the displacement curve at various

surrounding media when the inclination angles are set at 08

for both transmitting and receiving fibers. As shown in this
figure, the normalized peak output power increases from 0.83

to 1.00 as the refractive index increases from 1.329 (methanol)
to 1.377 (alcohol). It is also found that the displacement

position for the peak output increases from 4.0 to 5.1mm as the
refractive index increases from 1.329 to 1.377. This is
attributed to the acceptance cone angle that increases as the

refractive index increases. The larger acceptance angle provides
a mean to collect more signal power. Figure 6 shows the

displacement curves when the inclination angles for both fibers
are set at 108. As seen in Figure 6, the peak power and its

position increase with the refractive index. The peak location of
the curve also increases from 3.0 to 3.4mm as the refractive
index changes from 1.329 to 1.377. From these experimental

results, it was found that the higher sensitivity for the sensor can

Figure 2 Experimental setup of the proposed LRIS

Chopper

Piezoelectric
RS232

Reflector mirror

He-Ne laser

Modulator

Lock-in
amplifier

Silicon
detector

PC

Table I List of all variables

Variables Definitions

NA The numerical aperture of transmitting fiber

n The refractive index of liquid

r1 Core radius of transmitting fiber

r2 Core radius of receiving fiber

rd1 Radius of transmitting fiber

rd2 Radius of receiving fiber

x The displacement moving of sensor probe and mirror

PE The output power of laser source

r The radial coordinate

z The distance between the sensor probe tip and the virtual

laser source point
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be achieved with the use of 108 inclined probe compared to that

of straight probe. The sensitivities are obtained at 0.11/mm and
0.04/mm for the sensors with 108 and 08 inclination angles,
respectively. This finding may be quite useful for chemical,
pharmaceutical, biomedical and process control sensing
applications.

5. Conclusion

A simple LRIS is theoretically and experimentally
demonstrated using a pair type of bundle fiber which is
inclined to increase the sensitivity. Through the theoretical
analysis, a highest sensitivity can be achieved by using a probe

inclined with angle 208 which is almost 13 times higher than
that of the straight probe. Both theoretical and experimental
results show that the peak power and the location of the

Figure 3 Simulation results for the displacement at various inclination angles and refractive indices
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Figure 4 The output power against displacement for various probe
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receiving fibers are set at 108

1.2

1

0.8

N
or

m
al

iz
ed

 o
ut

pu
t

0.6

0.4

0.2

0
0 1 3 52 4 6

Displacement (mm)

Air, n = 1.0

Methanol, n = 1.329

Alcohol, n = 1.377
Water, n = 1.333

7

Theoretical and experimental studies on LRIS based on bundle fiber

S.W. Harun, H.Z. Yang and H. Ahmad

Sensor Review

Volume 31 · Number 2 · 2011 · 173–177

176



displacement curve changes with refractive index. It was also
found experimentally that the sensitivity of the sensor with 108
inclination of probe arrangement shows a higher sensitivity
compared to that of the use of straight probe. The sensitivities
are obtained at 0.11/mm and 0.04/mm for the sensors with
108 and 08 inclination angles, respectively.
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Abstract
Purpose – The purpose of this paper is to investigate, theoretically and experimentally, a concave mirror-based fiber optic displacement sensor
performance for three-axes directional measurements.
Design/methodology/approach – Mathematical model is constructed based on spherical mirror properties of the concave mirror and the simulated
result is found to be in good agreement with the experimental results.
Findings – Both theoretical and experimental results show that the focal length and radius of the concave mirror make significant influence to the
displacement response. In the x-axes measurement, six linear slopes are obtained with four of them are located in the vicinity of the position, two times
of the focal length. The maximum measurement range of about 20 mm is obtained using a focal length of 10 mm. In the y- and z-axes displacement
measurements, the linear range increases as the diameter of concave mirror increases. The longest linear range of 8 mm is achieved at mirror radius of
10 mm.
Originality/value – This is the first demonstration of three axes directional displacement measurements using a concave mirror as a target

Keywords Fiber optic sensors, Mathematical modelling, Simulation

Paper type Research paper

1. Introduction

In general, there are two types of fiber optic displacement sensors
(FODS); namely interferometry- and intensity modulation-
based FODS. FODS are employed to control the distance,
vibration and position, etc. in monitoring systems. The
interferometry-based FODS are operated by combining two
different path light waves where one is the measurement wave
and the other is the reference wave to generate interference
fringes that are used to measure the position shift (Rastogi,

1997). The interferometry-based displacement sensor can
provide ultrahigh precision displacement control; however, it
requires complicated instruments and therefore incurs high cost
along with having limited bandwidth in comparison to intensity
modulation-based FODS. The intensity modulation-based

FODSs on the other hand are capable of using low-cost

components to achieve high bandwidth and ultrahigh precision

displacement control (Muephy and Coursolle, 1990; Golnabi,

2000;Harun et al., 2009;Lim et al., 2009).MostFODSs employ

a multimode plastic optic fiber as a probe and a flat mirror as a

reflective target, and a detector is used tomeasure the intensity of

the reflected light (which the amount is a function of

displacement). Work on FODS systems currently focus on

improving the performance of the FODS such as enhancing the

dynamic range and increasing sensitivity using a variety of sensor

probe, reflector and laser source arrangements (Golnabi and

Azimi, 2008;Huang andTata, 2008;Cao et al., 2007).However,

for potential industry applications, there is a requirement for

multi-axes displacement sensing in the vibration, position and

strain monitoring system (Sagrario and Mead, 1998). This

presents a problem as conventional FODSs are normally

designed to measure the displacement in one axes; it is

shrivelled for other two axes.
Recently, a new FODS was proposed using a pair type of

bundle fiber as a probe and a concave mirror as a target to

provide at least six elective sensitivities and linear ranges

(Yang et al., 2009; Harun et al., 2009, 2011). The theoretical

analysis has shown that the performance of sensor is affected
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by many parameters such as focal length and diameter

of concave mirror. In this paper, the concave mirror-based

FODS is analysed further to demonstrate three-dimensional

measurement in order to meet the industrial demand for

themulti-axes displacement sensor.The operational principles,

mathematical analysis, software simulation and experiment

setup for the proposed sensor are described in this paper.

2. Operational principle and theoretical analysis

The structure of the proposed sensor is shown in Figures 1

and 2 for x- and yz-axes measurements, respectively. As shown

in both figures, the initial position of sensor probe tip should

be located at the highest point of the concave mirror surface

so that the three-axes displacement sensing can be achieved.

The longitudinal axis of the transmitting fiber core should

also be aligned so that it is co-axes with the normal axis of the

concave mirror. To maximise the light-coupling efficiency,

the sensor probe tip should be located as close as possible to

the surface of concave mirror. The transmitting fiber works to

carry the light from the laser source to the concave mirror.

The light is then reflected and focused by the concave mirror

so that it can be collected by the receiving fiber. The amount

of the collected light varies with the displacement of the mirror

in the axial direction x (Figure 1) as well as y, z- directions

(Figure 2). The axial displacement is carried out in both

positive and negative directions while other displacements in

y- and z-axes are only done in one direction. Owing to the

spherical reflective surface of concave mirror, the proposed

sensor shows the same response characteristics for both

displacement measurements in y- and z-axes.
As shown in Figure 1, the laser source emits light at an original

point O which is situated in the transmitting fiber and at a

distanceofza fromthefiber surface end.After the reflection in the

concavemirror, the reflected laser source is concentrated at point

O0 and virtually becomes another emitting point source. In the

theoretical analysis of axial (x-axis) displacement,we assume that

the intensity of the light emitted from the transmitting fiber can

be well described with Gaussian distribution and the far field

model areused in thepoint of laser source. Inconsiderationof the

limited reflecting surface area and focal length of the concave

mirror, the transfer function of the proposed sensor in x-axis is

given by Cao et al. (2007):

PðuÞ¼ 2z2aPE{12exp2 ðD2=2ðuþzaÞ2u2Þ}
½u2 ððuþzaÞf =ðu2 f þzaÞÞ�2ðððuþzaÞ=f Þ21Þ2

exp 2
8z2a

½u2 ððuþzaÞf =ðu2 f þzaÞÞ�2ðððuþzaÞ=f Þ21Þ2

 !

ð1Þ

where PE is the emitting power of laser source, u is the distance

between the sensor probe tip and concave mirror. The transfer

function represents the receiving light power at the receiving

fiber. The angle u ¼ sin21(NA) where NA is the numerical

aperture of the transmitting fiber. Equation (1) shows that the

transfer function of proposed sensor in x-axis is governed by two

important parameters, namely the focal length f and the diameter

of the circular concave mirror D.
In earlier work (Muephy and Coursolle, 1990) employed a

pair type bundle fiber and a graded index lens to measure the

displacement. This sensor shows that the coupled power

between the two fibers is approximately proportional to the

amount of overlap area of the transmitting fiber and receiving

fiber, and is a function of the relative lateral displacement

between the fibers. In this work, a concave mirror, which has a

similar function with the graded index lens to reflect and

focus the incoming light is used. Therefore, the normalized

transmittance function of Muephy and Coursolle (1990) can

be used to study our sensor assuming that intensity

distribution at the output plane of the transmitting fiber is

uniform. The normalized transmittance function is given by:

Figure 1 The structure of proposed sensor in the sensing displacement
of x-axis
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Figure 2 The structure of proposed sensor in the sensing displacement
of y- and z-axes
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TðdÞ ¼ 2

p
cos21 2d

rd
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2

2d

rd

� �
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� �2
" #1=28<

:
9=
; ð2Þ

where d is concave mirror displacement in y- or z- directions,
rd is the diameter of fiber core. It describes the coupled power

between the transmitting and receiving fiber, which is strongly

depended on the overlap area.

3. Experiment setup

Figure 3 shows the experimental setup of the proposed sensor

for three-dimensional measurements. It consists of a He-Ne

laser, an external chopper, a pair type of bundle fiber, a concave

mirror and a silicon detector. The light source operates at

wavelength of 594 nm with an average output power of

3.0mW, beam diameter of 0.75mm and beam divergence of

0.92mRads. The chopper is used to modulate the light at a

frequencyof 200Hzbefore launched into the transmitting fiber.

A concave mirror is located at the output end of transmitting

fiber to reflect and focus the transmitted light into a receiving

fiber which is bundled together with the transmitting fiber.

The receiving fiber routes the light into the photo detector

which converts the light power into voltage. A lock-in amplifier

is connected with the chopper and photo detector to act as a

data-acquisition system and functions to match the phase

between the modulation light and modulator chopper and

removes the noise generated by laser source, photo detector and

amplifier (Huang and Tata, 2008).
One of the major difficulties encountered during

the experiment is the alignment of sensor probe and

concave mirror as discussed in earlier section. The sensor

probe should be vertically aligned with the focal point of the

concave mirror. A translation stage is used in the experiment

to provide multi-axial displacement control for alignment.

The displacement measurement of x-axis is implemented by

fixing the other two axes and ensuring that the longitudinal

axis of the transmitting fiber is co-axis with the normal axis

which is also located at the center of the concave mirror.

In the displacement measurement for the y- and z-axes, the
sensor probe alignment in x-axis is fixed as shown in Figure 2.

The mathematical model of the sensor is simulated using

MATLAB programming. The following parameters are used

in the calculations; the wavelength of the laser source

l ¼ 594nm, numerical aperture value NA ¼ 0.35 and fiber
core radius of 0.25mm. The performances of the sensor are
investigated for different focal length and concave mirror
diameters. The focal length and diameter is varied from
6-10mm and 12-20mm, respectively.

4. Results and discussions

Figures 4 and 5 show the experimental and theoretical
displacement results of the FODS in x- and y-axes,
respectively. The theoretical results are obtained by fitting of
theoretical analysis in equations (1) and (2). In the experiment
and calculation, the pair-type bundle fiber with core diameter
of 0.5mm is used while the focal length, radius and height
of concave mirror are fixed at 6, 6 and 1.5mm, respectively.
The positive and negative portions in Figure 4 show the
situation where sensor probe is moving farer and closer,
respectively, towards the concave mirror. As shown in Figure 4,
there are six linear slopes in the displacement response and
four of them are located in the vicinity of u ¼ 2f which is a
function of the concave mirror focal length as described in
equation (1). The results comparison made in Figure 5 are
normalized in both displacement and output power. From
equation (2), the displacement is normalized by 2u/rd. In this
sensor, the probe is located as close as possible to the horizontal
surface of concavemirror which results in the receiving fiber not
being able to collect the reflected light as the sensor probe is
moving to the fringe of concave mirror. Thus, there is a blind

Figure 4 The results comparison of theoretical and experiment in x-axis
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Figure 3 Experimental setup for the proposed FODS with a concave
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region in the normalized displacement of 0.83-1. Figure 6

shows the displacement curves between y- and z-axes

measurements. As a result of the blind region in the

displacement measurement of y- and z-axes, the linear range

of proposed sensor is set to be 5mmwhich is smaller than radius

of concave mirror of 6mm as shown in Figure 6. In this figure,

the same displacement responses are achieved in both y- and

z-axes because of the sphere reflective surface of concavemirror

as explained in the previous section.
Figure 7 shows the displacement response in x-axis at

various focal lengths of the concave mirror. The radius of the

concave mirror used in this experiment is 6mm while the

heights of the concave mirror are 1.50, 1.25 and 1.00mm for

the focal lengths of 6, 8 and 10mm, respectively. As shown in

Figure 7, the power intensity is at the minimum at a position of

approximately 21.5mm from the initial probe position and as

the power increases; it reaches its maximum value and reduces

as the displacement increases. Then, the displacement response

reaches another two maximum points which are located

sandwiching the point at 2f, where f is the focal length of the

mirror. This property enables flexible sensing based on

displacement range of interest by properly choosing the

desired focal length. The maximum measurement range

about 20mm is obtained using a focal length of 10mm.

Figure 8 shows the normalised output of the sensor against the

displacement in the y-axis at various concavemirror radii. In the

experiment, the focal length is fixed at 10mmand the heights of
mirror aremeasured tobe1, 2 and3mmwhen the radius is set at
6, 8 and 10mm, respectively. The maximum received power is
increased by three times as the radius of concave mirror radius
decreases from 10 to 6mm. As shown in Figure 8, the linear

range of the sensor increases as the diameter of concave mirror
increases. The longest linear range of 8mm is achieved at a
mirror radius of 10mm. Future research works should be
focused on finding new application to this sensor.

5. Conclusion

A three-axes directional displacement sensing is demonstrated
using a concave mirror in conjunction with a pair type bundle
fiber as a probe. Amathematical model is constructed based on
spherical mirror properties of the concave mirror and the

simulated result is found to be in good agreement with the
experimental results. Both the theoretical and experimental
results show that the focal length and radius of the concave
mirror make a significant influence to the displacement
response. The displacement curve for the x-axis measurement

has threemaximumpoints with the second and thirdmaximum
points sandwiching the point at 2f, where f is the focal length of
the mirror. A measurement range of approximately 20mm is
obtained using a focal length of 10mm. In the y- and z-axes
displacement measurements, the light intensity almost linearly

decreases with the distance. The linear range increases as the
diameter of concave mirror increases with the longest linear
range of 8mm is achieved at mirror radius of 10mm.
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Figure 7 Displacement response of the sensor in x-axis at different
focal lengths: 6, 8 and 10 mm
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Figure 8 Displacement response of the sensor in y-axis at different
radius of concave mirror: 6, 8 and 10 mm
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Abstract: Fiber optic displacement sensor (FODS) with two asymmetrical inclined fibers is studied 
theoretically and experimentally. A liquid refractive index sensor (LRIS) is then demonstrated using 
the similar sensor set-up. The theoretical result of the FODS is in good agreement with the 
experimental result, verifying the feasibility of our theoretical model. The performance of FODS is 
strongly depended on core radius and diameter of fibers used as well as inclination angle of two 
asymmetrical fiber core. The maximum sensitivities of 0.2752, 0.3759 and 0.7286 mV/µm are 
obtained at inclination angles of 10°, 20° and 30°, respectively. Meanwhile, the maximum linear 
ranges of 10.4 mm, 7 mm and 3 mm are obtained at inclination angles of 10°, 20° and 30°, 
respectively. The proposed LRIS produces the highest output different for increase in refractive index 
at displacement of 3.3 mm. At this distance, the output intensity increases almost linearly as a function 
of refractive index of the medium. Copyright © 2009 IFSA. 
 
Keywords: Fiber-optic displacement sensor, Liquid refractive index sensor, Fiber-optic sensor 
 
 
 
1. Introduction 
 
Intensity modulation is one of the important methods that is normally used for displacement 
measurement in conjunction with multimode fiber. The fiber optic displacement sensor (FODS) has 
inherited many advantages such as virtues of simplicity, reliability and low cost [1]. To date, many 
works have been reported on the intensity modulation based FODS [2-5], which the probe consists of a 
pair of fibers used for transmitting and receiving the light. For instance, Buchade, et. al. [4] presented a 
FODS using two fibers inclined with a same angular angle and reported the sensitivity was enhanced 
compared with the conventional sensor with parallel bundled fibers. It also reported that the 
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performances of the FODS with two fibers are depended mainly on four parameters: the offset, the 
lateral separation and the angle between the transmitting and receiving fiber tips, and the angle of the 
reflector [6]. However, there is still a lack of research work on the FODSs with different geometry of 
the receiving fiber. 
 
Another important fiber optic sensor is a liquid refractive index sensor (LRIS), which is vital to design 
of optical instruments and is also a great value in chemical applications. The knowledge of refractive 
index of a substance is useful in indentifying and determining the concentration of organic substances. 
The refractive index of liquid samples can be measured in many ways such as implementation of total 
internal reflection and prism coupling techniques [7-9]. For instance, Nath, et al [9] proposed a liquid 
refractive sensor based on the frustrated total internal reflection effect caused by refractive index 
change of a medium surrounding one optical fiber tip. 
 
In this paper, a mathematical model for the intensity modulation FODS with two asymmetrical and 
inclined fibers is developed. The developed model is used to simulate the response of the sensor with 
different inclined fiber angles. Experimental validation of simulated results on the inclined fiber sensor 
is also carried out in this study. In this work, a new LRIS is also proposed using the similar set-up to 
detect a refractive index of liquid media. The liquid of which the refractive index is measured is filled 
up in the gap between probe and reflector. Depending upon the refractive index of liquid, angle of 
emittance will change which will affect the received output power by receiving fiber. 
 
 
2. Sensor Design and Theoretical Analysis 
 
Fig. 1 shows the geometry of the inclined displacement sensor, which consists of a transmitting fiber, 
receiving fiber and a reflector. The sensor performance is studied at various core radiuses of 
transmitting and receiving fiber. Fig. 1(a) (Fig. 1(b)) shows the geometry of the sensor in case of the 
receiving core is bigger (smaller) than the transmitting core. Two asymmetrical transmitting and 
receiving fibers are mounted at an angle ‘θ’ with reference to the normal to the reflector. This ensures 
the receiving fiber core to collect the maximum power from emitting light cone of the transmitting 
fiber. The shortest distances between the sensor probe tips and reflector are x1 and x2 for transmitting 
fiber and receiving fiber, respectively. The dash lines inside the receiving fiber represents the size of 
the transmitting fiber. The image of transmitting (receiving) fiber is formed at a further distance  
x1 (x2) opposite to the transmitting (receiving) fiber beyond the reflector. The image fiber is thus seen 
located at 2x1 or 2x2 from the original position of the probe. Effectively the reflected light appears to 
form a cone and reaches the receiving fiber, which is parallel aligned in the cone as shown in Fig. 1. 
 
As shown in Fig. 1, the core radius of the transmitting and receiving fibers are denoted as r1 and r2, 
respectively. Meanwhile, the diameters of transmitting fiber and receiving fiber are rd1 and rd2, 
respectively. We assume that the ratio between the core radius of two fibers is k1, k1 = r1/r2 and the 
ratio of fiber diameter of the two fibers is k2 = rd1/rd2. From the geometry analysis of Fig. 1, the 
distance between the two sides of image of transmitting and receiving fibers is given by: 
 
 f =  (1) 

 
Then, the distance between two fiber core, D is obtained as: 
 
 D =  =  (2)
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(a) r2>r1                                                                 (b) r2 <r1 
 

Fig. 1. The structure of sensor probes (a) r2>r1; (b) r2 <r1. 
 
 
The acceptance angle of transmitting fiber  is given by , where NA is a numerical 

aperture for the transmitting fiber. The distance between emitting points of transmitted light to the 
receiving flat core is denoted as z, which is given by: 
 
 z = z1+z2+z3 , (3)
 
where z1 = r1×cotα = k1r2×cotα, z2 = 2x1×cos(θ) and z3 = rd1×sin(2θ) = k2rd2×sin(2θ) as illustrated in 
Fig. 1. 
 
To analyze the power collected by the receiving fiber, we simply analysis the light inside the fiber by 
using a Gaussian beam approach. The irradiance of emitted light is obeying an exponential law 
according to 
 
 2

2 2

2 2
( , ) exp

( ) ( )

EP r
I r z

z zπω ω
= −

⎛ ⎞
⎜ ⎟
⎝ ⎠ ,

 (4)

 
where PE is the emitted power from the light source, r is the radial coordinate and z is the longitudinal 
coordinate calculated by equation (3). ( )zω  is the beam radius which is also a function of z, 

2

0( ) 1
R

z
z

z
ω ω= +

⎛ ⎞
⎜ ⎟
⎝ ⎠

. The waist radius 0ω  and Rayleigh range Rz are the important parameters in the 
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Gaussian Beam function. The optical power received by the receiving fiber can be evaluated by 
integrating the irradiance, I over the surface area of the receiving fiber end,  

  (5)

To simulate conveniently, the Equation (5) can be described in other expressions; 
 
 

 
(6)

The P(k1,k2, z) is the power collected by the receiving fiber corresponding the parameters k1 and k2. 
The radial coordinate r is expressed by  in Cartesian coordinate system. 
 
Fig. 2 illustrates the overlap area of the reflected light area and the core of the receiving fiber. The 
overlap area is zero at x2 = 0 (Fig. 1(a)) or x1 = 0 (Fig. 1(b)) and at a very small displacement (blind 
area) where the jacket of the two fibers blocks the reflected light. As the displacement is increased 
further, the overlap area increases and thus increases the total power collected by the receiving core. 
The total power is maxima when the reflected light cone covers the entire receiving core area. After 
that, the received optical power starts to decay exponentially as the displacement continues to increase. 
The received optical power is strongly dependent on the core size of the receiving fiber. At inclination 
angle of 2θ between the transmitting and receiving fibers, the distance x1 between the sensor probe tip 
and reflector is given by [4] 
 
  (7)

From the geometrical analysis of Fig. 1, the distance x2 is obtained as; x2 = x1- rd3sinθ for rd1< rd2  
(Fig. 1 (a)) or x2 = x1+ rd3sinθ for rd1≥ rd2 (Fig. 1(b)) where rd3 = rd2 - rd1. Therefore, the distance 
between sensor probe tip and reflector mirror can be summarized as; 
 
   ( rd1> rd2 ) 

    ( rd1= rd2 ) 

    ( rd1< rd2 ) (8)

 
 

   
 

(a) rd1< rd2 
 

 
(b) rd1= rd2 

 
(c) rd1> rd2 

 
Fig. 2. Overlap area view (a) rd1< rd2; (b) rd1= rd2; (c) rd1> rd2. 
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3. Simulation and Experiment 
 
The proposed sensor is simulated by using a MATLAB programming. To simplify the analysis, the k1 
values of 0.5, 0.667, 1, 1.5 and 2 are used. The k2 value is set based on the availability of the fiber in 
our laboratory. In this simulation, the k2 values of 0.5, 1 and 2 are used. The wavelength of the laser 
source λ is set at 594 nm. The numerical aperture values NA1 = 0.27, NA2 = 0.32 and NA3 = 0.4 are 
used for the core radius of 0.25 mm, 0.5 mm and 0.75 mm, respectively. 
 
To verify the simulated results the FODS is constructed by mounting the transmitting and receiving 
fibers on the plastic board at angle θ with reference to the normal of the reflector. Separate samples 
with various fiber diameters and core radius are prepared for angle θ = 10o, 20o and 30o. Light from 
594 nm He-Ne laser is modulated by an external chopper at frequency of 200 Hz and launched into the 
transmitting fiber. The light has an average output power of 3.0 mW, beam diameter of 0.75 mm and 
beam divergence of 0.92 mrads. The length of transmitting and receiving fiber length is approximately 
2 m. The transmitting fiber radiates the modulated light from the light source to the target mirror, 
while the displacement of sensor probe tip between mirror is controlled by a piezoelectric & driver. 
The reflective light from target mirror, which is mounted in the bottom of tank, is collected by the 
receiving fiber whose carries the light into the silicon detector. A lock-in amplifier is connected with 
the detector to reduce the dc drift voltage due to an ambient light. The initial experiment is carried out 
by varying the inclination angle between the fibers. The liquid of which the refractive index is 
measured is filled up in the tank for the LRIS application. The experiment setup of the FODS and LRIS is 
shown in Figure 3. 
 
 

 
 

Fig. 3. Experiment setup of the FODS and LRIS. 
 

 
4. Result and Discussion 
 
Fig. 4 compares the experimental and theoretical plots of the normalized output collected against 
normalized displacement between probe and reflector with air medium in between. In this study, the 
ratios k1, k2, and angle θ are set at 0.667, 0.5, 10° respectively. As shown in the figure, the theoretical 
curve is in good agreement with the experimental curve, verifying the feasibility of our theoretical 
model. It is also observed that up to 0.3 (0.5) of separation distance for experimental (theoretical) 
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curve, light in transmitting fiber would be reflected back into itself and little or no light would be 
transferred to receiving fiber. This is then referred to as the blind region. As the distance increases, the 
reflected cone overlaps the receiving fiber core and hence the output intensity increases. This relation 
is continued until the entire face of receiving fiber is illuminated with the reflected light. This point is 
called optical peak and corresponds to maximum voltage. As the gap increases beyond this transition 
region, the intensity drops off following roughly an inverse-square law. The small discrepancy 
between the theoretical and experimental results is due to the noise sources such as shot noise and 
thermal noise, which are added to the value of the experimental results and are not calculated in the 
theoretical analysis. 
 
 

 
 

Fig. 4. Comparison between theoretical and experimental curves of the FODS 
with air medium in between the gap. 

 
 

The experiments are also carried out to study the effect of k1 and k2 values as well as angle θ on the 
performance of FODS. Fig. 5 shows the normalized output power against displacement for the FODS 
at various k1 and k2 values as well as the inclination angle. Figs. 5 (a), (b) and (c) show the curves at 
10°; 20°and 30° respectively with an air gap in between the displacement. By comparing the curves in 
Fig. 5, we understand that the performance of FODS is strongly depended on the fiber core size. The 
output power collected by receiving fiber is highest when the k1 and k2 values are set at 0.667 and 1, 
respectively. The inclination angle θ of two asymmetrical fiber core is also effected the sensor 
performance with the bigger inclined angle has a higher output sensitivity with a lower linearity range. 
Compared to the FODS with zero inclination angle, the sensitivity of the proposed sensor increased by 
3.6, 8.5 and 16 times with the inclination angles of 10°, 20° and 30°, respectively. However, the 
corresponding linear ranges are reduced by 67 %, 55 % and 33 %, respectively. The performances of 
the proposed FODS are summarized as shown in Table 1. By using the k1 and k2 values of (0.667, 1), 
the maximum sensitivities of 0.2752 mV/µm, 0.3759 mV/µm and 0.7286 mV/µm are obtained at 
inclination angles of 10°, 20° and 30°, respectively. This sensitivity is higher compared to the previous 
work by Buchade, et. al [4]. The maximum linear ranges of 10.4 mm, 7 mm and 3 mm are obtained at 
inclination angles of 10°, 20° and 30°, respectively for the FODS with k1 and k2 values of (0.667, 1). 
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(a) at 10° angle 
 

 
 

(a) at 20° angle 
 

 
 

(c) at 30° angle 
 

Fig. 5. The normalized output power against displacement for the FODS at various k1 and k2 values  
with different inclination angles (a) 10°; (b) 20° and (c) 30°. 
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Table 1. Summary of performances for the proposed FODS. 
 

Front slopes Back slopes 
Methods 

Sensitivity (mV/µm) Linearity Range (mm) Sensitivity (mV/µm) Linearity Range 
(k1, k2) 10° 20° 30° 10° 20° 30° 10° 20° 30° 10° 20° 30° 

(0.5, 0.5) 0.1345 0.1838 0.4761 1.5-3.5 0.4-2.1 0-0.7 0.0223 0.0479 0.1447 4.3-11.5 2.9-8.9 1.5-3.7
(0.667, 1) 0.2752 0.3759 0.7286 1 – 5.2 0.1-2.8 0 - 1 0.0675 0.1336 0.3224 6.6-17 3.2-10.2 1.3-4.3

(1, 1) 0.1671 0.2224 0.5528 1.2-4.8 0.2-2.8 0 - 1 0.0472 0.0823 0.2296 5.6-14.8 3 - 9 1.2-4.3
(1.5, 1) 0.1885 0.2745 0.6371 1.2-4.8 0.1-2.9 0 - 1 0.056 0.1155 0.2929 6.8-16 3.2-9.2 1.2-4.3
(2, 2) 0.0645 0.1201 0.1904 1.4-3.5 0.2- 2 0-0.8 0.0128 0.0389 0.0885 4.5-11.5 2.4-7.5 1 - 3 

 
 
The same experiments are carried out using a liquid as a medium between probe and reflector by 
fixing the inclination angle at 10°. The results obtained are shown in Fig. 6 for three different liquids; 
liquid isopropyl alcohol, water and methanol. The isopropyl alcohol, water and methanol have a 
refractive index n value of 1.3772, 1.333 and 1.329, respectively. In the experiment, the k1 and k2 
values are fixed at 2 and 2, respectively while the room temperature is set at around 25° to decrease the 
measurement errors. As shown in Fig. 6, the output power collected by the sensor reduces at small 
distance (< 2 mm) and increases at a longer distance, with the increment of refractive index. As the 
refractive index of the medium increases, the angle of emittance decreases hence output power 
collected decreases because of less overlapping area for displacement smaller than 2 mm. But after this 
distance density of reflected light increase so output intensity increases. As shown in Fig. 6, the LRIS 
produces the highest sensitivity at displacement about 3.3 mm. At this distance, the increment of 
intensity as the refractive index increases is the highest. The output intensity also increases almost 
linearly as a function of refractive index of the medium. 
 
 

 
 

Fig. 6. Normalized output against displacement for the proposed LRIS at k1, k2 and angle values of (2, 2, 10°). 
 

 
5. Conclusions 
 
This paper presents the FODS and LRIS using two asymmetrical inclined transmitting and receiving 
fibers. A mathematical model based on optical geometry is proposed. The theoretical result of the 
FODS is in good agreement with the experimental result, verifying the feasibility of this theoretical 
model. The performance of FODS is strongly depended on the core radius and diameter of transmitting 
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and receiving fibers as well as the inclination angle. The maximum sensitivities of  
0.2752 mV/µm, 0.3759 mV/µm and 0.7286 mV/µm are obtained at inclination angles of 10°, 20° and 
30°, respectively for the proposed FODS. Meanwhile, the maximum linear ranges of 10.4 mm, 7 mm 
and 3mm are obtained at inclination angles of 10°, 20° and 30°, respectively. For the LRIS, the output 
intensity increases almost linearly as a function of refractive index of the medium at displacement 
angle of 3.3 mm. 
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