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Chapter 4 

Fiber Optic Displacement Sensors 

Based on Concave Mirror 

 

4.1  Introduction  

 Recently, a variety of fiber optic displacement sensors (FODSs) have been 

reported [1-5]. The objective of these works has been to design a high quality FODSs 

with high sensing resolution and dynamic range in a simple format with minimum cost. 

The ease of operation, cost and performance requirements have led to an increase of 

research interest on FODS based on intensity modulation technique [6-7]. In spite of its 

small probe size, this type of sensor can be used for both local and remote non-contact 

measurements that are required in many applications. Some studies have focused on 

achieving high sensitivity while others on wider dynamic range. However, it is desired 

to achieve optimization between sensitivity and dynamic range. Therefore, it is essential 

to consider both factors when developing new FODS. 

       Optical bundle fiber is typically used as a probe for intensity-based FODS as 

discussed in the previous chapter. The amount of light collected by the bundle fiber is 

directly related to the displacement of the fiber tip from the reflective surface. The 

geometry of the bundle fiber affects the transfer function and sensitivity of the FODS. 

The relationship between the blind region and peak position of the transfer function to 
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the inclination angle and gap spacing between the transmitting core and receiving core 

have been intensively investigated and reported in the previous chapter as well as in 

many literatures [8-9]. On the other hand, some studies have shown that the type of 

reflective mirror in the configuration may have a crucial influence on the performance 

of the sensor. In the performance comparison between reflective mirrors with metallic 

and non-metallic surface, the metallic surface mirror has exhibited a greater sensitivity 

due to its higher reflectivity [10].  

In an effort to achieve a high sensitivity together with wide dynamic range, 

FODSs based on concave mirror are proposed and demonstrated in this chapter. Sensor 

performances in the sensing of displacement in both one and three directional axes are 

investigated. In one axis displacement sensing, two different FODSs are proposed in 

conjunction with the concave mirror, which are FODS with bundle fiber and FODS with 

fiber coupler. The three axes displacement measurement is demonstrated using only 

bundle fiber and concave mirror. 

 

4.2  Proposed FODS with a Bundle Fiber and a Concave Mirror  

      In this work, an FODS is described and demonstrated using a bundle fiber as 

probe and a concave reflective mirror as a target. A simulation model is presented and 

verified by experimental measurement. The effect of focal length and diameter of the 

concave mirror on the performance of the FODS is investigated. This type of FODS has 
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a wider dynamic range, which is very important in many applications such as in meso-

robotics field to undertake nano-positioning task on a wide stroke [11]. 

4.2.1 Theoretical analysis 

         The configuration of the proposed FODS consisting a pair type bundle fiber and 

a concave mirror is shown in Fig. 4.1. As shown in the figure, the longitudinal axis of 

the transmitting fiber core is parallel with the normal axis of concave mirror. The laser 

source origin as point O is situated in the transmitting fiber at a distance of za from the 

fiber end facet. After the reflection on the concave mirror, the reflected laser source is 

concentrated at point O' which virtually becomes a new emitting point source.  Based on 

the spherical mirror equation, some important relations are determined as follows.    
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au z v f
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where f denotes the focal length of the concave mirror while u is the distance between 

the sensor probe tip and concave mirror.  is the distance from the virtual point source 

O’ to the concave mirror and is given by, 
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Geometrically, the distance between the sensor probe tip and the virtual laser source can 

be determined by;  
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( )z is the beam radius and is expressed as a function of z by, 

2

( ) 10
z

z
zR

  
 
  
 

                      (4-6) 

The waist radius 0  and Rayleigh range Rz are the important parameters in the Gaussian 

Beam function and the detailed description can be found in ref. [12]. For points situated 

in the far-field region, Rz z , the following relations of the acceptance angle can be 

obtained;        

   
0

0

( )tan
R

z
z z

  


   
                                 (4-7) 

휔(푧)is the radius of the virtual point source, which is given as '( ) ( )z z z  . The 

relation between the acceptance angle θ, transmitting fiber core radius rt and za can be 

described by the equation below, 

     tan
t
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By the approximation, tant r a ar r z z    . The radial distance from the core center 

of the transmitting fiber to the core center of receiving fiber is r = 2zaθ.  

Based on the properties above, the power collected by the receiving fiber,P can 

be evaluated by integrating the Gaussian distribution function (4-5) over the area of the 

of receiving fiber end surface, Sras, 

( , ) ( , )
r

r
S

P r z I r z dS                                               (4-9) 

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

2 2 2
r r aS r z                                                      (4-10)  
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Based on Eq. (4-3), (4-4), (4-5) and (4-10), the received power can be written asa 

function of displacement and focal length, 
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and therefore 
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 In near field sensing, most of the transmitted light from the bundled fibre is 

recollected by the bundled fiber as long as the incident light cone is within the reflecting 

surface area of the mirror. 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 mirror and subsequently influences the 

displacement response of the sensor. Thus, the reflecting surface area of the mirror 

becomes a significant parameter in far field analysis. The maximum reflected light 

power by the circular shape concave mirror is determined by, 
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whereD is the diameter of the concave mirror. Function ( )z can be well approximated 

by ( )au z  , thus, 

( , )E D u
2

2 21 exp
2( )a

D
u z 

 
    

                                              (4-14) 

In consideration of the limited reflecting surface area of the mirror, the displacement 

response of the proposed sensor is given by, 

( ) ( , ) ( , )rmP u P u f E D u                                                    (4-15) 

which is governed by two important parameters, namely focal length f and the diameter 

of the circular concave mirror D. The theoretical model of the sensor is simulated using 

MATLAB. The theoretical results are then compared with the experimental one, which 

will be described in the next section.  

4.2.2 Experimental arrangement  

Fig. 4.2 shows the experimental setup used to characterize the sensor. The light 

from a He-Ne laser (λ=594nm) is coupled into a transmitting core and is emitted at the 

end of the bundle fiber onto the concave mirror. The reflected light is then collected by 

the receiving core and transmitted to the silicon detector. The laser provides an average 

output power 3.0mW, beam diameter of 0.75mm and beam divergence of 0.92 mRads. 

The multimode plastic bundle fiber consists of two cores with a length of 2 meters and 

core radius of 0.25mm. An external chopper is used to modulate the laser at a frequency 

of 200Hz before it is launched into the transmitting core. The concave mirror is fixed on 
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a translation stage, which is controlled by a NewFocus Picomotor to provide multi-axial 

movements. Displacement measurement is implemented in the x-axis direction while 

the other two axes provide accurate alignment of the fiber probe and ensure that the 

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

mirror. Silicon detector measures the received light and converts it into electrical signal 

which is then de-noised using a lock-in amplifier.  In the design of proposed FODS, 

thermal noise and shot noise are two of the main noise sources to be considered for 

FODS with intensity modulation. In this experiment, two steps are implemented to 

minimize the noise level. The first step is the use of Lock-In amplifier to measure the 

output signal so that most of the shot noises are suppressed. However, the Lock-In 

amplifier contributes to thermal noise due to its electronic character. The second step 

uses Continuous Wavelet Transform off-line technique to de-noise the collected data. 

This step can suppress most of the noise and a smooth curve can be obtained for the 

displacement response.  

Concave mirrors of four different focal lengths, 6mm, 8mm, 10mm and 12mm 

are used in this experiment and theoretical analysis. The effect of concave mirror 

diameter which represents the mirror aperture area is also investigated. Four different 

diameters are used in the simulation and experiment; 12mm, 16mm, 20mm and 24mm 

for a fixed focal length of 10mm.  
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range as far as 26mm is achieved by using a 12mm focal length concave mirror. The 2nd 

and 3rd curve response of the proposed FODS is summarized in Table 4.1. The 

sensitivity of the sensor increases with the increase of focal length of the concave mirror 

for both slopes. However, the linear range increases for the 2nd slope and decreases with 

for the 3rd slope when concave mirror with larger focal length is used. A maximum 

sensitivity of 0.299 is obtained at the 3rd slope of FODS using 12mm focal length 

concave mirror. The longest linear range of 3.5mm is obtained at the 2nd slope for 

concave mirror with the same focal length. As the target is not perfectly flat, some 

portions of the experimental curves did not match the theoretical curve as shown in Fig. 

4.3.  
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Fig. 4.3: Sensor performance influenced by different focal length same diameter 

12mm, (a) 6mm, (b) 8mm, (c) 10mm and (d) 12mm. 

Table 4.1: Summary the performance of the FODS with concave mirror 

 

    Figs. 4.4 (a)–(d) illustrate the influence of mirror diameter (representation of mirror 

aperture area) to the displacement response of the proposed FODS. It is observed that 

FL 

(mm) 

Sensitivity of 

the 2nd Slope 

(mV/mm) 

Linear Range 

(mm) 

Sensitivity of 

the 3rd Slope 

(mV/mm) 

Linear Range 

(mm) 

6 0.207 1.1 ~ 4 (2.9) 0.250 8 ~10.3 (2.3) 

8 0.210 1.1 ~ 4.1 (3.0) 0.289 13 ~ 14.8 (1.8) 

10 0.227 1.1 ~ 4.3 (3.2) 0.296 17 ~ 18.7 (1.7) 

12 0.236 1.1~ 4.6 (3.5) 0.299 21.4 ~ 23 (1.6) 
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the larger the mirror diameter, the nearer the power of the second and third peaks is to 

the normalized power of 1.  As shown in the figure, the first and second slopes of the 

FODS are not influenced by the mirror diameter. However, the third and the following 

slopes are strongly influenced by the mirror diameter. The linear range of the third slope 

can be improved by reducing the diameter. These results show that the proposed FODS 

offers a flexible displacement sensing range by using the appropriate focal length and 

diameter of the mirror. In addition, the design for the proposed sensor is not restricted 

by the trade-off between linear range and sensitivity which is often encountered in the 

design of conventional flat mirror based FODS. 
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Fig. 4.4: Displacement response for different diameter of concave mirror same 

FL=10mm, (a) 12mm (b) 16mm (c) 20mm and (d) 24mm. 

The performance of the concave mirror based FODS is compared to the 

conventional FODS with a flat mirror. The basic principle of flat mirror based FODS 

can be found in literature [8] and the essence of the following discussion focuses on  the 

basic principle of concave mirror based FODS and its characteristic comparison with 

flat mirror FODS. Fig. 4.5 shows the normalized voltage generated by the collected 

light by the receiving core as a function of fiber tip distance with respect to mirror 

surface for both flat and concave mirrors. As shown in the figure, two different 

characteristic curves are observed due to two distinctive optical properties of the two 

mirrors. In the near displacement sensing range (0-4mm), the displacement response of 

the proposed sensor with concave mirror shares similar characteristic with the flat 
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4.3  FODS for Three Axes Displacement Measurement 

         Most of FODSs works focus on improving performances such as dynamic range 

and sensitivity using different arrangement of sensor probe, reflector and laser source.  

However, for many potential industry applications, there is a requirement for multi-axis 

displacement sensing in the vibration, position and strain monitoring system. 

Conventional FODSs are normally designed to measure displacement in one axis. In 

this work, the concave mirror based FODS is analyzed further to demonstrate three-

dimensional measurement in order to meet industrial demand for multi-axis 

displacement sensing. This three axes displacement sensing can only be undertaken 

when the concave mirror is moved in a controlled manner, i.e. only one axis change is 

allowed under each case when the measurement is taken. The operation principle, 

mathematical analysis, software simulation and experiment setup are described in the 

following sections.  

4.3.1  Theory of FODS for Three Axes Displacement Measurement 

   The structure of the proposed sensor is shown in Figs. 4.7 and 4.8 for x-axis and 

y- and z-axis measurements, respectively. As shown in both figures, the initial 

positioning of sensor probe tip should be located at the concave mirror surface in order 

to achieve three axes displacement sensing. The longitudinal axis of the transmitting 

fiber core should also be aligned so that it is co-axis with the normal axis of the concave 

mirror. To maximize light coupling efficiency, the sensor probe tip should be located as 
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close as possible to the surface of concave mirror. The transmitting fiber carries 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 

collected light varies with the displacement of the mirror in the axial direction x (Fig.4.7) 

as well as y, z directions (Fig.4.8). The axial displacement is carried out in both positive 

and negative directions while other displacements in y- and z- axis are only done in one 

direction. Due 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 Fig. 4.7, the laser source emits light at an original point O which is 

situated in the transmitting fiber and at a distance of za from the fiber surface end. After 

reflection from the concave mirror, the reflected laser source is concentrated at point O' 

and virtually becomes another emitting point source. In the theoretical analysis of axial 

(x-axis) displacement, we assume that the intensity of light emitted from the 

transmitting fiber has a Gaussian distribution. When the limited reflecting surface area 

and focal length of the concave mirror are considered, the transfer function of the 

proposed sensor in x-axis is given by [16]; 
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      In an earlier work, Murphy et al. employed a pair type bundle fiber and a graded 

index lens to measure the displacement [9]. 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 similar 

function as the graded index lens is used.  Therefore, the normalized transmittance 

function of ref. [9] can be used to study our sensor assuming that intensity distribution 

at the output plane of the transmitting fiber is uniform. The transmittance function is 

given by; 

1/2
1 22 2 2 2( ) cos ( ) ( ) 1 ( )

d d d
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(4-17) 

where d is concave mirror displacement , rd is the diameter of fiber core.  

4.3.2  Experiment  

      Fig. 4.9 shows the experiment setup of the proposed sensor for three dimensional 

measurements. It consists of a He-Ne laser, an external chopper, a pair type bundle fiber, 

a concave mirror and a silicon detector. The light source operates at wavelength of 

594nm with an average output power of 3.0mW, beam diameter of 0.75mm and beam 

divergence of 0.92 mRads. The chopper is used to modulate the light at 200Hz before 

being 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 
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measurement for the y- and z- axis, the sensor probe alignment in x-axis is fixed as 

depicted in Fig. 4.8.  The mathematical model of the sensor is simulated using 

MATLAB. The following parameters are used in the calculations; the wavelength of the 

laser source =594nm, numerical aperture value NA = 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 ~ 10 mm and 

12 ~ 20 mm, respectively. 

4.3.3  Results and Discussion 

        Figs. 4.10 and 4.11 compare the experimental and theoretical displacement 

results of the FODS in x-and y- axis, respectively. The theoretical results are obtained 

from theoretical analysis using Eq. (4-16) and Eq. (4-17). In the experiment and 

calculation, the pair type bundle fiber with core diameter of 0.25 mm is used while the 

focal length, radius and height of concave mirror are fixed at 6 mm, 6 mm and 1.5 mm, 

respectively. The positive and negative portions in Fig. 4.10 represent the situation 

where sensor probe is moving further and closer, respectively with reference to the 

concave mirror. As shown in Fig. 4.10, there are six linear slopes in the displacement 

response and four of them are located in the vicinity of u = 2f which is a function of the 

concave mirror focal length as described in Eq. (4-16). Theoretical and experimental 

results comparison for y-axis displacement is shown in Fig. 4.11. Both displacement 

and output power are normalized. From Eq. (4-17), the displacement is normalized by 
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Fig.4.12: Experiment results of displacement responses of y- and z-axis. 

      Fig. 4.13 shows the displacement response in x-axis at various focal length of the 

concave mirror. The radius of concave mirror used in this experiment is 6 mm while the 

height of concave mirror are 1.50 mm, 1.25 mm and 1.00 mm corresponding to focal 

length of 6 mm, 8 mm and 10 mm, respectively. As shown in Fig. 4.13, the power 

intensity is minimum at position around -1.5 mm from the initial probe position and the 

power increases and reaches the first maxima before reducing as the displacement 

increases. Then, the displacement response reaches another two maxima which 

sandwich a minimum 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 of about 20 mm is obtained 

using a focal length of 10 mm. Fig. 4.14 shows normalized output of the sensor against 

the normalized displacement in y-axis when different concave mirror radii are used. In 

this experiment, the focal length is fixed at 10 mm and the height of mirror are 

measured to be 1 mm, 2 mm and 3 mm when the radius is set at 6, 8 and 10 mm, 

respectively. The maximum collected power is decreased by 3 times as the concave 



 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

range of 8 mm is achieved 

4.4 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

this sectio

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

range of 8 mm is achieved 

4.4  

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

this sectio

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

range of 8 mm is achieved 

Fig. 4.13: Sensor performance influenced by different 

 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

this sectio

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

range of 8 mm is achieved 

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

 FODS with Fiber Coupler and Concave Mirror

In the 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

this sectio

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

range of 8 mm is achieved 

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

FODS with Fiber Coupler and Concave Mirror

In the 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

this section, a

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

range of 8 mm is achieved 

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

FODS with Fiber Coupler and Concave Mirror

In the previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

n, a new displacement sensor is proposed 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

range of 8 mm is achieved 

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

FODS with Fiber Coupler and Concave Mirror

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

new displacement sensor is proposed 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

range of 8 mm is achieved 

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

FODS with Fiber Coupler and Concave Mirror

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

new displacement sensor is proposed 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

range of 8 mm is achieved 

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

FODS with Fiber Coupler and Concave Mirror

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

new displacement sensor is proposed 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

range of 8 mm is achieved 

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

FODS with Fiber Coupler and Concave Mirror

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

new displacement sensor is proposed 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

range of 8 mm is achieved with 

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

FODS with Fiber Coupler and Concave Mirror

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

new displacement sensor is proposed 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

with mirror radiu

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

8mm and 10mm

FODS with Fiber Coupler and Concave Mirror

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

new displacement sensor is proposed 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

mirror radiu

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

8mm and 10mm

FODS with Fiber Coupler and Concave Mirror

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

new displacement sensor is proposed 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

mirror radiu

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

8mm and 10mm

FODS with Fiber Coupler and Concave Mirror

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

new displacement sensor is proposed 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

mirror radiu

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

8mm and 10mm

FODS with Fiber Coupler and Concave Mirror

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

new displacement sensor is proposed 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

mirror radiu

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

8mm and 10mm

FODS with Fiber Coupler and Concave Mirror

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

new displacement sensor is proposed 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

mirror radius of 10 mm.

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

8mm and 10mm

FODS with Fiber Coupler and Concave Mirror

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

new displacement sensor is proposed 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

s of 10 mm.

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

8mm and 10mm in the y axis

 

FODS with Fiber Coupler and Concave Mirror

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

new displacement sensor is proposed 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

s of 10 mm.

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

in the y axis

FODS with Fiber Coupler and Concave Mirror

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

new displacement sensor is proposed 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

s of 10 mm.

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

in the y axis

FODS with Fiber Coupler and Concave Mirror

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

new displacement sensor is proposed by replacing the pair bundle fiber 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

s of 10 mm. 

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

in the y axis

FODS with Fiber Coupler and Concave Mirror

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

by replacing the pair bundle fiber 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

Fig. 4.13: Sensor performance influenced by different 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

in the y axis. 

FODS with Fiber Coupler and Concave Mirror 

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

by replacing the pair bundle fiber 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

Fig. 4.13: Sensor performance influenced by different f, 6mm, 8mm and 10mm.

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

 

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

by replacing the pair bundle fiber 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

, 6mm, 8mm and 10mm.

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

by replacing the pair bundle fiber 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

 

, 6mm, 8mm and 10mm.

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

by replacing the pair bundle fiber 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

, 6mm, 8mm and 10mm.

 

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

by replacing the pair bundle fiber 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

, 6mm, 8mm and 10mm.

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflect

by replacing the pair bundle fiber 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

, 6mm, 8mm and 10mm.

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

using a pair bundle fibers as sensor probe and a concave mirror as reflective target. In 

by replacing the pair bundle fiber 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

, 6mm, 8mm and 10mm.

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

ive target. In 

by replacing the pair bundle fiber 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

, 6mm, 8mm and 10mm.

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

ive target. In 

by replacing the pair bundle fiber 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

, 6mm, 8mm and 10mm.

Fig. 4.14: Displacement response for different radius of concave mirror, 6mm, 

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

ive target. In 

by replacing the pair bundle fiber 

143

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

, 6mm, 8mm and 10mm. 

, 

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

ive target. In 

by replacing the pair bundle fiber 

143 

mirror radius increases from 6 mm to 10 mm.  As shown in Fig. 4.14, the linear range of 

the sensor increases as the diameter of concave mirror increases. The longest linear 

previous section, the performance of the FODSs for both one axis and 

three axes measurements are theoretically investigated and experimentally demonstrated 

ive target. In 

by replacing the pair bundle fiber 



144 
 

with a multimode fiber coupler as sensor probe and a concave mirror as target to 

improve its sensitivity. Theoretical analysis and result are also presented in this section.  

4.4.1 Mathematical model of the coupler based FODS  

Fig. 4.15 shows the configuration of the proposed FODS using multimode fiber 

coupler and a concave mirror as probe and a reflector, respectively. The geometrical 

structure of the probe and the concave mirror is shown in Fig. 4.16 where, the 

longitudinal axis of sensor probe coincides with the normal axis of the concave mirror. 

As shown in the figure, a single fiber is used to both emit and collect light. Light is 

emitted from point O inside the fiber at a distance of za from the fiber surface end. After 

being reflected by the concave mirror, the light is focused at point O' which virtually 

becomes another emitting point source. The diverging light is then collected by the 

sensor probe P. 

 

Fig. 4.15: Configuration of the proposed FODS with coupler and concave mirror. 
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Fig. 4.16: Geometrical structure between port C of the coupler and concave mirror. 

         Geometrically, the distance between the sensor probe tip and the virtual laser 

source O' can be determined by;  

( )a

a

f u zz u
u f z


 

 
                                                                              (4-18) 

where f denotes the focal length of the concave mirror while u is the distance between 

the sensor probe tip and the surface of concave mirror. The acceptance angle of the light 

cone from the virtual point source O΄, θ' is given by, 

1'( ) tan ( ) tanau z fz
f

    
  

 
                                               (4-19) 

where θ=sin-1(NA/n) and NA is the numerical aperture of the transmitting fiber and n is 

the refractive index of the surrounding medium. The relative distance (dimensionless) 

between the fiber tip and the virtual laser source O' is given by zd, 

        

'tan( ( ))
d

R z zz
r r

 
 

                                                            
(4-20) 

where R is the radius of virtual laser source illumination area on the distance z of fiber 

end, r is the radius of fiber.  Therefore, the transfer function of the proposed FODS can 

be derived as,        



146 
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                                            (4-21) 

Port A is the input port of the sensor as shown in Fig. 4.15. The output power of 

port C according to the theory of fiber optic coupler, is given as, 

              
/1010 lE

E C E
mP P

m n


  
                                               

(4-22) 

where PE is the output power of laser source, El is the excess loss of port A, m and n are 

the spitting ratio m:n of the coupler. Assuming the directivity of the coupler is 40dB, the 

back reflected light at the receiving fiber of port B is, 

                
410A B EP P 

                                                         (4-23) 

The amount of reflected light from the concave mirror, which is collected by port C and 

being routed to Port B is given by; 
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(4-24) 

Hence, the total power collected by port B is the sum of A BP  and C BP   

               B A B C BP P P                                                        (4-25) 

Combining Eq. (4) and Eq. (8), the power collected by port B is realized as, 

               ( ) ( )Bc A B C BP u P P P u                                        (4-26) 

4.4.2  Theoretical results 

      The mathematical model of the proposed sensor is simulated using MATLAB. In 

the simulation, the focal length and diameter of the concave mirror are set at 10 mm and 

24 mm, respectively, while the wavelength and average output power of the light source 
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are fixed at 594nm and 3mW, respectively. The core and cladding refractive indices of 

the fiber coupler are 1.492 and 1.402 with an excess loss El of 1.6dB. The theoretical 

results are shown in Fig. 4.17 for three different arrangements: coupler probe with a 

concave mirror, coupler probe with a flat mirror and bundled fiber probe with a concave 

mirror. The probe in Fig. 4.15 (port C) is assumed to re-capture all emitted light when 

the probe is at zero displacement and thus the output intensity of port B is normalized to 

1 at this position as shown in Fig. 4.17. This is attributed to the use of fiber coupler, 

which uses port C probe to both transmit and receive light and causes the core of the 

sensor probe to be totally immersed into the reflected light circle at zero displacement. 

As the displacement increases from 0 to 1.5mm, the intensity of the collected light 

reduces. At a displacement close to 20 mm (twice the focal length), the concave mirror 

focuses the light at the center of the fiber probe and all reflected light from the mirror is 

collected by the probe. Hence, the intensity curve peaks at this displacement point.  

The performance of the FODS with a flat-mirror, which is simulated by 

assuming the focal length f of Eq. (4-19) to be infinity, shares a similar trend with the 

concave mirror in the displacement range of 0 to 1.5 mm. For further displacement, the 

intensity curve of the flat mirror remains unchanged at a minimum value. However, the 

use of concave mirror provides another peak at displacement close to 20 mm. This peak 

shows that the proposed FODS can provide a larger displacement measurement range. 

With the use of bundled fiber, the displacement curve shows a dip at the peak region of 
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based on spherical properties of the concave mirror and the simulated results are found 

to be in good agreement with the experimental results. The study indicates that the focal 

length and the reflective aperture area of the mirror have significant influence on the 

displacement response curves. The displacement response curve has six slopes, with the 

first two slopes showing similar characteristic as conventional flat mirror based FODS. 

The other four slopes are located in the surrounding of u = 2f which provides the ability 

of selecting the linear range of interest based on the concave mirror focal length and 

diameter. Measurement range as far as 26mm can be achieved by using a 12mm focal 

length concave mirror. The sensitivity and the linear range of the sensor are strongly 

dependent on the focal length of the mirror. With a focal length of 12mm, the maximum 

sensitivity of 0.299mV/mm and the longest linear range of 3.5mm had been obtained at 

the 2nd and 3rd slope of the FODS respectively.   

      The theoretical and experimental analysis of the FODS for application in three 

axes displacement measurement is also presented. In the proposed sensors, the x-axis 

measurement range is about 20 mm when concave mirror with a focal length of 10 mm 

is used. In y- and z-axis displacement measurements, the displacement response shows 

that the light intensity decreases almost linearly with the distance. The linear range 

increases as the diameter of concave mirror increases with the longest linear range of 8 

mm achieved when mirror radius of 10 mm is used. 
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FODS using a multimode fiber coupler as sensor probe is then proposed for 

comparison purpose. Theoretical analysis is carried out to investigate the influence of 

different coupler ratios, fiber diameters, as well as the surrounding media on the 

performance of the proposed FODS. Simulation result shows that the performance is 

improved with a lower coupler ratio of 50:50, smaller core diameter and lower 

refractive index of the surrounding medium.  Three slopes are obtained for the 

displacement response where the third slope starts at a displacement position of twice of 

the focal length. Theoretical and experimental are in good agreement, which shows that 

the proposed FODS model is capable of offering quantitative guidance for the design 

and implementation of FODS. The experimental results show that the second peak of 

displacement curves is located at an exact displacement location of two times the focal 

length or 20 mm.  
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