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ABSTRACT 

In this paper, a fiber optic displacement sensor with a new reflectivity compensation method is presented. The proposed 
compensation method is based on two light receiving channels with characteristic displacement sensitivities. The sensi- 
tivity characteristic for each channel is achieved by using fibers with different numerical apertures. The ratio of the in- 
tensity values of the two receiving channels is a function of the object displacement and fairly independent from the 
reflectivity of the measured object. The sensor is characterized by a well-defined measurement spot. By use of a focus 
lens mounted onto the fiber optics probe head, the object displacement range can be extended. The sensor is suitable for 
measurements with changing object reflectivity and demanding distance ranges. 
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1. Introduction 

Fiber optic displacement sensors are known for decades. 
The simplest fiber optical sensor types use a single trans- 
mitting fiber for object illumination and a single receiv- 
ing fiber for receiving the reflected light [1,2]. These 
types are not able to compensate for changes of the ob- 
ject reflectivity. So the practical use of these simple types 
is limited. Because of this limitation, the desire for fiber 
optic displacement sensors, which deliver a signal fairly 
independent of the object’s surface reflectivity, in recent 
years, led to the development of several compensation me- 
thods.  

A method described by Kissinger [3] exploits a meas- 
urement situation where the object performs periodic 
movements and where the mean gap between the sensor 
probe and the object remains constant. Due to the alter- 
nating sensor signal, the mean value can be eliminated by 
filter circuitry. The sensitivity of the sensor, which is in- 
dependent from the object surface reflectivity, delivers a 
measure for the object displacement. The described me- 
thod is limited to special applications and is therefore not 
of much interest.  

Further known methods for reflectivity compensation 
of fiber optic displacement sensors are based on the dif- 
ference of the displacement sensitivity of two separate 

light receiving channels. In all cases, the sensitivity dif- 
ference of the receiving channels is achieved by a dis- 
tinctive geometrical arrangement of the involved optical 
fibers in the probe head of the sensor [4-10]. For this 
class of reflectivity compensated sensors, the intensity 
ratio of the two channels is fairly independent from the 
object reflectivity and is therefore a measure of the probe 
displacement. The disadvantages of the geometrical me- 
thods are a complex fiber assembly as well as limitations 
in measurement ranges, in spot sizes and in spot charac- 
teristics. 

2. Setup of the Sensor System 

An overview of the sensor system with the new compen- 
sation method is shown in [11]. Figure 1 illustrates the 
setup of the proposed fiber optic displacement sensor. 
The new method is based on one light sending channel 
and two light receiving channels too, as it has been de- 
scribed by Kissinger et al. But in contrast to these known 
methods, now light receiving fibers with different nume- 
rical apertures are used to achieve characteristic displace- 
ment intensity curves for the two light receiving channels. 
The preferred arrangement of the fibers in the probe head 
of the sensor now is “statistically mixed” (cf. Figure 2) 
in contrast to the previously known well-ordered geome- 
trical arrangements. *Corresponding author. 
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Figure 1. Reflectivity compensated fiber optical sensor. 
 

 

Figure 2. “Statistically mixed” fiber arrangement in the sen- 
sor probe head. 
 

The “statistically mixed” arrangement of the fibers pro- 
vides for a uniform light and measurement spot and com- 
pensates for slightly inhomogeneities of the object’s sur- 
face. As a light source, a white light emitting diode was 
used to provide a broad band sending light. For the light 
detection, two equal silicon PIN photo diodes were em- 
ployed as broad band receivers. The sensor system in- 
cludes all necessary electronic circuitry for the analog 
and digital signal processing (i.e. transimpedance ampli- 
fiers, analog to digital converters, LED driver circuit, mi- 
crocontroller, interface circuits, etc.). 

3. Working Principle 

3.1. System without Focus Lens 

The numerical aperture NA of the fibers determines the 
opening angle α of the measurement light cone according 
to Equation (1). 

2 arcsin NA                 (1) 

Furthermore, the opening angle influences the inten- 
sity curves of the two light receiving channels. Figure 3 
shows the measured intensities of the two light receiving 
channels of the proposed sensor. The fibers of channel 1 
and 2 have an opening angle of 22˚ and 68˚ respectively. 
The measurement was done for several objects with dif- 
ferent reflectivity. Figure 3 exemplarily shows the curves 
for a gray and a bluish object. 

As it can be seen, the corresponding curves are almost 
identical. Thus, the ratio of the intensities is an explicit 

measure of the object displacement. The intensity curves 
were recorded as a function of the object displacement d 
in the range of (1 to 6) mm using a triangulation sensor 
for the distance measurement. The normalization of the 
curves was done for a displacement of d = 1.6 mm. This 
displacement defines the nominal working distance of the 
sensor. At this displacement, the absolute intensity of 
channel 2 is decreased by approximately 20% from its 
maximum (maximum is given at d = 1 mm). Clipping of 
the sensor signal in the range of (1 to 1.6) mm is thereby 
avoided. This normalization method is a tradeoff for en- 
abling a maximum bidirectional displacement variation 
and a moderate intensity loss at the nominal working dis- 
tance. 

The sensitivity S of a receiving channel is given by the 
negative slope of the corresponding intensity curve ac- 
cording to Equation (2). 

d

d

I
S

d
                     (2) 

The sensitivity curves of the two sensor channels in 
the displacement range of (1 to 6) mm are illustrated in 
Figure 4. As it can be seen, the sensitivity curves for the  

 

 

Figure 3. Normalized intensity curves vs. object displace- 
ment for different object reflectivities. 
 

 

Figure 4. Sensitivity curves of the two sensor channels. 
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two channels are different. This is caused by the different 
opening angles of the used fibers for the two receiving 
channels. For such an arrangement, the ratio R of the in- 
tensity signals I1 and I2 of these two channels is a func- 
tion of the displacement d of a reflective object (cf. Equ- 
ation (3)). 

 1

2

I
R f

I
  d               (3) 

Because the sensitivity of a fiber optic displacement 
sensor is generally fairly independent from the surface 
reflectivity of the measurement object, the ratio R of the 
two intensity signals is independent from the reflective 
properties of the object too. The effect can be seen in 
Figure 5. The ratio R is shown in the range of (1 to 6) 
mm. The figure shows an almost linear range from (1 to 
2.8) mm. But using a look-up-table (LUT) and a linear 
interpolation method, the non-linear range from appro- 
ximately (2.8 to 6) mm may also be used to extend the 
working range. Alternatively to the LUT, a polynomial 
fitting function can be applied to linearize the sensor out- 
put. 

3.2. System with Focus Lens 

Figure 6 shows the arrangement with a focus lens. The 
lens is mounted on top of the sensor probe head and fo- 
cuses the light of the fiber optics onto the object. By us- 
ing a lens, the nominal working distance of the sensor 
can by extended significantly. For the used lens arrange- 
ment, the intensity curve of the sensor system has a dis- 
tinctive maximum at 45 mm (cf. Figure 7). 

In the proximity of the maximum, the sensitivity curves 
of the two receiving channels show a different trend. Thus, 
the ratio R of the two intensities again is a measure of the 
object displacement as described in the section above. 
Figure 8 depicts the two intensity curves and their ratio 
as a function of object displacement d in the range of (40 
to 56) mm. In this figure, the ratio values are scaled for a 
better presentation. 
 

 

Figure 5. Intensity ratio vs. object displacement. 

 

Figure 6. Sensor setup with mounted focus lens. 
 

 

Figure 7. Normalized intensity vs. object displacement of the 
sensor with focus lens. 
 

 

Figure 8. Normalized intensities and scaled intensity ratio 
vs. object displacement of the sensor with focus lens. 
 

4. Conclusions 

In comparison to the conventional methods, the proposed 
reflectivity compensation method for the fiber optic dis- 
placement sensor has several advantages. First, it is easy 
to implement and easy to handle. Due to the arrangement 
of the fibers in the sensor probe head, the light and mea- 
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surement spot is homogeneous and well defined. The 
achievable measurement range of (1 to 6) mm is com- 
paratively large and almost the half of the range is linear. 

Second, by using a focus lens on top of the sensor 
probe head, the working range can be easily extended. 
This enables various applications with different object pro- 
perties. 
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