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Abstract  
 
In an automated industrial system monitoring and controlling the position 

of moving objects represents a crucial element in processes that have 

rotating systems.This is regularly in robots that use internal sensors to 

monitor the position of their joints. In this work we present the study of 

an optical encoder based on a Mach Zehnder interferometer. To 

determine the phase, the Phase Shift Interferometry algorithm was use, 

using five steps. The optical fiber encoder used the rotation matrix, and 

the results were correlated with those obtained by the optical technique, 

the reported behavior shows a wide similarity between the optical 

encoder and the simulated. The experimental design showed a 

differential distance of 0.0452 rad between the initial and that obtained 

after deformation. We report an encoder capable of recovering the initial 

phase, showing a difference in the correlation of 0.0000925 u.a. 

 
Optical fiber encoder based on phase shifting interferometry.  

 

Objective 

Demonstrate 

the 

interferometri

c encoder 

capability. 

Check the 

sensor 

behavior 

demonstrated 

by simulation. 

Methods 

Optical technique: Phase 

shifting interferometry. 

Use of optical fiber 

interferometer as transducer. 

Experimental design 

Mach-Zehnder interferometer 

 
 

Results 

The encoder is highly 

robust, capable of 

recovering its initial phase, 

with a differential distance 

of 0.0452 rad. 

 

 

Optical encoder, optical fiber, Mach Zehnder 

interferometer 

 

 

Resumen 

 
En un sistema industrial automatizado el monitoreo y control de la 

posición de objetos en movimiento representa un elemento importante en 

los procesos que cuentan con sistemas giratorios. Esto se presenta con 

regularidad en los robots que utilizan sensores internos para monitorear 

la posición de sus articulaciones. En este trabajo presentamos el estudio 

de un encoder óptico a base de un interferómetro Mach Zehnder. Los 

resultados se analizaron utilizando la técnica de interferometría por 

desplazamiento de fase de cinco pasos. El encoder de fibra óptica se 

simuló a través de la matriz de rotación y los resultados se 

correlacionaron con los obtenidos por la técnica óptica de cinco pasos, 

mostrando un comportamiento en la fase óptica similar. El diseño 

experimental mostro una distancia diferencial de 0.0452 rad entre la fase 

inicial y la obtenida después de la deformación, el encoder mostrado fue 

capaz de recuperar la fase inicial, mostrando una diferencia en la 

correlación de 0.0000925 u.a. 

 
Optical fiber encoder based on phase shifting interferometry.  

 

Objetivo  

Demostrar la 

capacidad de 

encoder 

interferométrico. 

Comprobar el 

comportamiento 

del sensor 

mostrado 

mediante 

simulación. 

 

 

Metodología 

Técnica óptica: Phase shifting 

interferometry. 

Uso de interferómetro de fibra 

óptica como transductor. 

Diseño experimental   

Interferómetro Mach-Zehnder 

 

 

 
 

Resultados  

Se muestra encoder 

con alta robustez, es 

capaz de recuperar su 

fase inicial, con una 

distancia diferencial 

de 0.0452 rad 

 

 

     

 

Encoder óptico, fibra óptica, Interferómetro Mach 

Zehnder
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Introduction 

 

The development of systems for measuring 

physical variables, such as rotation, has 

applications in the automotive, marine and 

aerospace industries [1,2]. The first mechanical 

devices to record the angular changes of an 

object are reported as gyroscopes [3]; later, 

electromechanical devices such as the encoder 

emerged. However, technological advances 

force such devices to present greater advantages 

over everyday mechanical and 

electromechanical instruments, so the 

implementation and development of optical 

sensors has been increasingly accepted [4]. 

 

 An encoder can be linear or angular, 

depending on the application; they base their 

operation on changing codes depending on the 

angle of rotation of the object and can provide a 

measurement with nanometric resolution, they 

are used in a wide range of control systems, 

manufacturing, robots, among many others [5-9]. 

Among the techniques for the use of optical 

encoders, the phase recovery of two wavefronts 

through cross-correlation techniques, diffraction 

and polarisation, these techniques have been 

able to recover the phase and correlate with 

angles of 0.031 degrees, other studies have 

proposed the measurement in a range of 18 

degrees, even measurements have been made 

with 100 degrees, obtaining an accuracy of 0.2 

degrees [10-16]. 

 

On the other hand, the advances in the 

field of interferometric encoders based on 

optical fibre compared to optical encoders is 

their high resolution, a construction focused 

directly on the robustness of the transducer, 

electromagnetic immunity, high sensitivity and 

its measurement is non-destructive, allowing its 

incorporation in systems where space is reduced, 

Its operating principle is based on the 

modulation of light by means of the length of the 

optical fibre and considering the output response 

of the sensor, monitoring the disturbance at a 

single point of the fibre and obtaining a 

correlation with the phase, amplitude, frequency 

and polarisation. However, to obtain an 

interferometric signal it is necessary to use 

optical arrays called interferometers, among 

these are Sagnac, Fabry-Perot and Mach-

Zehnder, their difference lies in the ranges of 

measurement of the displacements caused by the 

induced deformation.  

If, in addition to using interferometric 

systems, the use of fibre optics is incorporated, 

what would be obtained is a device that is not 

dependent on environmental changes and 

external vibrations [20-27]. 

 

Despite the advances that have been 

made so far, having a robotic system that works 

and is monitored 360 degrees can be a 

complicated task, due to the type of sensors that 

are being used, even the mechanical design itself 

can mean a limitation in the working range of the 

robot, this fact makes it necessary to add links to 

the robotic system, as well as specialised sensors, 

involving a high monetary cost. 

 

Another problem presented in the 

navigation of robotic systems is their localisation, 

both in the uncertainty of estimating the position 

of a robot, as well as in the accumulated error in 

its movement [28 ,8], due to this, the use of an 

encoder capable of monitoring the complete 

rotation of a robotic joint functioning directly as 

a transducer, that can provide fast and reliable 

localisation of the system, that works in hostile 

environments, with high precision, repeatability 

in measurement, with a reduced size and that 

also helps new designs of reliable instruments, 

are the reasons for the study of the behaviour of 

a fibre optic encoder based on interferometry. 

 

The main contribution of this work lies in 

showing an interferometric encoder capable of 

measuring full angular movements without 

restrictions, recovering its initial position, as 

well as verifying the behaviour of the sensor 

shown by simulation. The interferometer 

encoder shows high measurement stability, high 

repeatability, low differential distance 

(hysteresis) and low cost; it is conditioned 

according to the ranges of rotation, due to the 

characteristics of the rotating mechanical 

element. It can be used in robotic systems, as its 

design characteristics allow it to monitor 360 

degrees of joint rotation. 

 

Methodology 

 

Model development 

 

When light propagates through an optical fibre, 

it is required that the wave equation and 

Maxwell's equations are satisfied, obtaining an 

electromagnetic field pattern transverse to the 

direction of propagation [29,30].  
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If the intensity at the output of the optical 

fibre is directly linked to the field distribution, it 

can be expressed by equation 1. 

 

𝐼𝑖(𝑥, 𝑦) = 𝐴(𝑥, 𝑦) + 𝐵(𝑥, 𝑦) cos(𝜑(𝑥, 𝑦)  [1] 

 

Where A, B and 𝜑, are the background 

intensity, intensity modulation and phase, 

respectively. If the intensity detected by a sensor 

shows disturbances, Equation 1 shall be 

modified in the cosine argument by the term 𝛼𝑓, 

equation 2. 

 

𝐼𝑓(𝑥, 𝑦) = 𝐴(𝑥, 𝑦) + 𝐵(𝑥, 𝑦) cos(𝜑(𝑥, 𝑦) + 𝛼𝑓)  [2] 

 

The difference between the two intensity 

states 𝐼𝑖 and 𝐼𝑓, the initial and final, respectively, 

result in a geometrical arrangement known as 

interference fringes, with spatial coordinates (x, 

y), these stripes are reciprocal to the two states 

of deformation, as the deformation of the object 

changes, so does the distribution of these stripes. 

The absolute value of the difference between 𝐼𝑖 

and 𝐼𝑓, can be written as follows: 

 

|𝐼𝑓 − 𝐼𝑖| = 𝐼𝑀|cos 𝜑𝑓 − cos 𝜑𝑖|   [3] 

 

To monitor the system disturbances, it is 

necessary to perform an analysis of the 

geometrical distribution of the interference 

fringes, as well as the extraction of the phase 

resulting from these two deformation states. 

 

The demodulation of these interference 

fringes results in the characteristic parameters of 

the measurement; filtering and phase 

unwrapping are necessary [31]. 

 

One of the most widely used techniques 

that shows great acceptability is Phase shifting 

interferometry, in which a series of 

interferograms with phase differences is 

recorded, as shown in equation 2. To perform the 

phase reconstruction process, in general, 

algorithms are applied with a combination of the 

interferograms; the analysis can be done with 

interferograms [32] 

 

                       𝑡𝑎𝑛𝜑 =
∑ 𝑏𝑛𝐼𝑛

𝑀
𝑛=1

∑ 𝑎𝑛𝐼𝑛
𝑀
𝑛=1

                     [4] 

 

With 𝑎𝑛 and 𝑏𝑛, as real coefficients. 

 

 

To obtain the pase 𝜑, con the phase shift 

technique, it was considered that the optical path 

shift is determined by equation 5 where θ is 

given in intervals of 
𝜋

2
. 

 

𝑅(𝑧̂, 𝜃) = (
𝑥̂ cos 𝜃 − 𝑦̂ sin 𝜃
𝑥̂ sin 𝜃 + 𝑦̂ cos 𝜃

𝑧̂

)  [5] 

 

Taking five interferograms with [33,34]: 

 

𝛼𝑓1 = 𝑥̂ cos 𝜃 − 𝑦̂ sin 𝜃    [6] 

𝛼𝑓2 = 𝑥̂ sin 𝜃 + 𝑦̂ cos 𝜃    [7] 

  

Using trigonometric identities we arrive 

at the wrapped phase equation with five 

interferograms given by [35]: 

 

𝜑𝑤 = tan−1 (
2(𝐼3(𝑥,𝑦)−𝐼1(𝑥,𝑦))

𝐼4(𝑥,𝑦)+𝐼0(𝑥,𝑦)−2𝐼2(𝑥,𝑦)
)   [8] 

 

Finally, the method for unwrapping the 

phase consists of modifying ±2π to the pixel 

being unwrapped. 

 

Development of experiments 

 

For the development of the encoder, a 

Mach Zehnder interferometer based on single 

mode fibre optics was built, Figure 1. A Helium-

Neon laser light source at 632.8 nm and a 

microscope objective at 20X was used. 

 

Box 1 
 

 
Figure 1 

Mach-Zehnder interferometer for interferometric 

encoder (a) Source, (b) Beamsplitter, Fibre optics: (c) 

Reference, (d) External disturbance and (e) CCD 

Own elaboration 

 

Experimental results 

  

A set of interferograms with a phase difference 

of π/2 were obtained, Figure 2 shows the 

interferograms obtained with the arrangement in 

Figure 1. 
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Figure 2 shows for (a) 0, (b) 90, (c) 180, 

(d) 270 and (c) 360 degrees of rotation in one of 

the interferometer arms, showing an increase in 

the number of fringes.. 

 

Box 2 
 

 

 
Figure 2 

Encoder interference fringes using Mach-Zehnder 

interferometer, with θ: (a) 0, (b) 90, (c) 180, (d) 270 and 

(c) 360 degrees.  

 

Box 3 
 

 

 
Figure 3 

Encoder phases using Mach Zehnder 

interferometer, from 0 to 360 degrees      
 Own elaboration 

 

Figure 3, shows the phase distribution 

resulting from the demodulation of each 

interferogram, the behaviour suggested by these 

phases is ascending, in the centre of the phase 

maps an intersection point is observed, to later 

show a descending behaviour. 

 

 

Figure 4 illustrates the behaviour of the 

phase map unwrapped from the resulting values 

with , and using the algorithm represented by 

equation 8. 

 

To check the robustness of the encoder, 

as well as its behaviour, rotation angles were 

chosen randomly, as indicated in equations 6 and 

7, the behaviour of the unwrapped phase map is 

shown in Figure 5, which shows a sigmoid 

function, around 50% of the phase distribution.  

 

Box 4 
 

 
Figure 4 

Experimental encoder phase map, using Mach Zehnder 

interferometer, I_n,n=5  

 

 

Box 5 
 

 
Figure 5 

Title Phase map using Mach Zehnder interferometer 

with I_n,n=5. 

 

To check the results the system was 

simulated equations 2, 6 and 7, the phase profile 

of the rotation is shown in Figure 6, (a) indicates 

the behaviour for , while (b) shows the phase 

behaviour for , both using five interferograms. 
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Box 6 
 

 

 
Figure 6 

Phase map profile, interferometric encoder 

simulation with: (a) equation [6] and (b) equation 
[7]  

 

To verify that the encoder is able to 

recover its initial position, in addition to 

comparing the experimental and simulated 

results, the differential distance of the initial 

phase, zero degrees, as well as the Pearson 

correlation coefficients were calculated for 

equations 5 and 6. 

 

Figure 7 shows the behaviour of the 

Pearson correlation coefficients, the behaviour 

of the encoder shows for the case of the initial 

position a coefficient of 0.99990, as the fibre 

optic encoder is rotated the behaviour of the 

coefficients show an upward trend, where the 

maximum correlation is obtained in the phase 

map obtained at 320 degrees.  

 

The sensitivity of the encoder is 

dependent on the rotation of the fibre. 

 

Box 
 

 
Figure 7 

Correlation coefficients between turns with hysteresis  

Own elaboration 
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Conclusions 

 

This work shows the results obtained in the study 

of the behaviour of an interferometric encoder, a 

comparison was made between the experimental 

and simulated development using the concepts 

of rotation matrix that govern the behaviour of a 

rotating robotic system. 

 

For the analysis of the phase maps the 

PSI technique was used, the interferometric 

model for the phase wrapped with . 

 

The encoder shown, in addition to its 

robust design, is capable of recovering its initial 

phase, with a very small differential distance, 

where the behaviour of the correlation 

coefficients is dependent on the rotation. 

 

The interferometric encoder shown is 

capable of being conditioned to measurements of 

very small degrees, as it is able to adjust to the 

rotating system being used. These results 

provide a guideline for analysing its use in the 

navigation and localisation of robotic systems. 
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