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Abstract: In this study, we present the optimization of a Fabry-Perot interferometer with a differential signal utilized as the laser encoder to meet the stringent demands of 
nanopositioning. The proposed system aims to enhance stability and accuracy in nanopositioning applications by leveraging the common path structure and coaxial characteristics 
of Fabry-Perot interferometers. To improve the resolution of this system, an interpolation module is employed to increase the laser encoder resolution to 15.82 nm. Compared to 
the simulated interference signal from traditional Fabry-Perot interferometers, the differential interference signal proposed in this study is more sinusoidal, thus reducing errors in 
resolution subdivision. To verify the correspondence between the actual interference signal and the simulated one, a signal testing experiment is implemented in this study. 
Eventually, the experimental signal results demonstrate that the actual light intensity signals match the simulated results, indicating that this signal can be significantly beneficial 
for use as a laser encoder.  
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1 INTRODUCTION 
 

In recent years, nanotechnology has become a pivotal 
field with widespread implications across industries, driving 
the demand for precise and reliable nanopositioning 
techniques. Among these techniques, laser interferometry 
particularly as an encoder in nanopositioning systems plays 
a crucial role due to its ability to provide high-resolution and 
accurate measurements at the nanoscale.  The integration of 
laser interferometry into nanopositioning technologies has 
greatly enhanced the capabilities and functionalities of 
nanopositioners, enabling precise manipulation and control 
of objects with exceptional precision and accuracy [1]. 

However, commercial interferometers such as the 
Michelson interferometers have been commonly used for 
linear positioning calibration, they are susceptible to 
disturbances between the measurement and reference arms 
[2]. According to recent research, Fabry-Perot 
interferometers offer outstanding measuring stability due to 
their common-path structure which minimizes the effects of 
disturbances in the reference arm. Therefore, in some novel 
research, the Fabry-Perot interferometer has also been 
applied in the displacement measuring system, yielding 
remarkable results [3]. In this study, we have improved upon 
previous research and continued the development of this 
measurement technique by optimizing interferometric 
systems based on Fabry-Perot interferometers for 
nanopositioning technologies [4-6]. 

This study focuses on developing an interferometric 
system based on this common path structure to eliminate DC 
offset, making it suitable for precise positioning control in 
normal environments. The goal is to provide wide-ranging 
positioning control applications in precision mechanical 
industries. 

 
2 THEORY AND PRINCIPLE 
 
 In this chapter, a brief introduction to displacement 
Fabry-Perot interferometer technology is provided. 

Additionally, the design of the proposed differential Fabry-
Perot interferometer is demonstrated as follows. 
 
2.1 Conventional Fabry-Perot Interferometer  
 

Fabry-Perot interferometer was invented by French 
physicists Charles Fabry and Alfred Perot in the late 19th 
century [7]. The optical structure of the well-known FPI is 
depicted in Fig. 1. The incident beam (I0) travels forwards 
and backwards repeatedly, dividing into numerous 
transmitted beams which interfere with each other. The 
resulting fringe signals are acquired by the detector. The 
correlative equations of the intensity distribution can be 
described by Eq. (1), where R, d, and λ represent reflectance 
of the mirror, the length of the cavity, and the laser 
wavelength, respectively. Since the measurement and 
reference beams travel through the same environment, the 
displacement measured is precisely defined by the distance 
between two parallel mirrors [8]. Hence, such an optical 
structure is feasible for precision length measurement. 
 

 
Figure 1 Conventional Fabry-Perot interferometer 

 
2

0
2

(1 ) .
2 π1+ 2 cos

cos

RI I
dR R

λ α

−
=

⋅ ⋅ − ⋅ ⋅  ⋅ 

                                  (1) 



Syuan-Cheng Chang et al.: Development and Optimization of a Differential Signal-Based Fabry-Perot Interferometer for Nanopositioning 

418                                                                                                                                                                               TECHNICAL JOURNAL 19, 3(2025), 417-421 

Due to the conventional Fabry-Perot interferometer 
cannot determine the movement direction of the object. To 
address this limitation, a quadrature phase-shifted method 
based on polarizing technology has been proposed in 
previous research [9-11], as depicted in Fig. 2. In this 
polarizing phase-shifted method, a one-eighth waveplate is 
inserted into the optical cavity to generate quadrature phase-
shifting. Consequently, the phase difference between the two 
interference signals is determined by the accuracy of the 
waveplate. The equations describing the intensity 
distribution of PDs (Is) and PDP (IP) are provided in Eq. (2) 
and (3).  
 The simulation result of the intensity distribution is 
shown in Fig. 3. Nevertheless, the signal offset of the 
polarizing phase-shifted method will be changed by the 
length of the cavity, the parallelism of the cavity, and the 
coherence of the laser source. It causes the interpolation error 
during the measurement procedure with the fine resolution. 
 

 
Figure 2 Quadrature phase-shift fiber FPI 
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Figure 3 Intensity distribution of Quadrature phase-shift fiber FPI 

 
2.2 Proposed Differential Fabry-Perot Interferometer  
 

The optical structure of differential Fabry-Perot 
interferometer is shown in the Fig. 4. The incident laser 
passes through the optical cavity and the quarter-waveplate 

which is placed inside the cavity. The laser beams which 
include multiple right and left circular polarizing beams (E1, 
E2, E3…) are divided into two circular polarizing beams by a 
beam splitter (BS). And each circular polarizing beam is 
divided into two multiple linear polarizing beams by a 
polarizing beam splitter (PBS). Those four interference 
signals can be detected by four photodetectors (PDs). The 
signals are divided by the same PBS and will have a phase 
shift of 180°. By rotating the half-waveplate, the phase shift 
of the interference signals can be adjusted into the proper 
position. Based on the previous research, the major purpose 
of the proposed structure can reduce the DC drift of the 
interference signal. 
 

 
Figure 4 Differential Fabry-Perot interferometer  

 
 The equations of the transmitted electric field of the laser 
beams are expressed as E1 to EN (Eq. 4 to Eq. 7) and that of 
the whole interference beam is denoted with EN (Eq. 7), 
where N is the order of the transmitted light beams. Here, A0, 
T, Tc, R, WP, OP(d) and OPD(d) are the matrices and 
coefficients involved in the calculation of the electric field. 
A0 represents the matrix of the incident beam with linear 
polarization from the horizontal axis; T represents the 
transmittance of the coated glass plate; Tc represents the 
equivalent transmittance of the cavity; R represents the 
reflectance of the coated glass plate; WP represents the 
matrix of the quarter-waveplate with a 45-degree angle from 
the horizontal axis; OP(d) represents the single-pass optical 
path within the optical cavity; OPD(d) represents the optical 
path out of the optical cavity. 
 

( )11 c 0( ) ( ) ,E T T OPD d WP R OP d T= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ A      (4) 

( )32 c 0( ) ( ) ,E T T OPD d WP R OP d T= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ A     (5) 
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−
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In order to calculate the sum of the electric field (EN), the 

odd term (Eodd) and the even term (Eeven) of the electric field 
are separated for the calculation, as shown in Eq. (8) and (9). 
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odd even ,NE E E= +                                                              (8) 
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Eventually, the total electric field obtained by summing 

the odd term and even term of the electric field is shown in 
Eq. (10). 
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When EN has been obtained, the intensity of 0°, 45°, 90°, 

and 135° of the polarizer axis can be acquired by Eq. (11). 
 

.*I E E= ⋅                                                             (11) 
 

 
Figure 5 Simulation of the intensities in each phase  

 

 
Figure 6 Simulation of differential signal  

The simulation results of the intensity profiles for I (0°), 
I (45°), I (90°), and I (135°) are presented in Fig. 5. The 
processing principle of the differential signal involves 
subtracting one signal from the other, each having the same 
amplitude but opposite phase. Consequently, simulations of 
the differential signal and the Lissajous figure are depicted in 
Fig. 6 and Fig. 7(a), respectively. Comparing Fig. 7(a) and 
Fig. 7(b) can show that the simulation results of differential 
Fabry-Perot interferometer is a sinusoidal signal, whereas the 
simulation results of the QPSK FPI do not exhibit such 
sinusoidal signal. 
 

 
Figure 7 Simulation of Lissajous figure (a) Simulation results of Differential FPI  

(b) Simulation results of QPSK FPI 
 
3 DESIGN OF PROPOSED POSITIOINING SYSTEM 
 
 The positioning system proposed in this article utilizes 
the interference signal of the differetial Fabry-Pert 
interferometer as a laser encoder. This system consists of 
three main components: the light source unit (laser source 
and polarizer), the measurement unit (reference mirror, 
quarter-waveplate, and measurement mirror), and the sensing 
unit (BS, two PBS, half-waveplate, and four photodiodes), as 
illustrated in Fig. 8. Since the measurement mirror is installed 
on a linear stage, any displacement generated can be 
determined by oberving the amplitude of the light intensity 
received by the photodetecors (PD1 to PD4). 
 

 
Figure 8 Design of proposed positioning system 

 
The interpolation module is utilized in this study to 

convert the input orthogonal sine wave signal into a square 
wave signal. The resolution of the signal interpolation can be 
adjusted by modifying the circuit, and a interpolation 
reolusiton of 20 times is selected in this study. This means 
that within one sine wave cycle, five square waves are 
generated. Using the common fourfold frequency counting 
method in optical feedback signal processing, 20 counts can 
be obtained, as shown on Fig. 9. With an optical interference 
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cycle of 316.4 nm, the positioning resolution can be deduced 
as 15.82 nm. The interpolation module can configure through 
external voltage to set the reference baseline of the signal. 
The specific procedure involves inputting the two orthogonal 
interference signals into the interpolation module. This yields 
the differential signal A+, A‒, B+, B‒ which are utilized as 
the laser encoder to achieve the positioning objective. 
 

 
Figure 9 Interpolation Functional overview [12] 

 
4 EXPERIMENTAL SIGNAL RESULTS 
 

In order to verify the correspondence between the actual 
interference signal and the simulated one, experiments were 
conducted to measure the interference signal. According to 
the optical structure of the differential Fabry-Perot 
interferometer presented in Fig. 8, interference signal 
experiment was conducted. The light intensity signals 
detected by the photodetectors (PDs) are depicted in Fig. 9. 
It can be observed that the actual light intensity signals match 
the simulation shown in Fig. 5. The time-domain signal 
results from PD1 to PD4 are illustrated in Fig. 9(a) and 9(b), 
respectively. 
 

 
Figure 10 Interference signal from PD1 to PD4  

(a) time-domain signal of PD1 and PD2, (b) time-domain signal of PD3 and PD4 
 
By utilizing the principle of differential signal 

processing, the signals from PD1 to PD4 are subtracted to 
obtain the differential interference signal as shown in Figure 
11. The light intensity signals from PD1 and PD2, with a 
phase difference of 180 degrees, are subtracted to obtain the 

sin signal. Similarly, subtracting the signals from PD3 and 
PD4, also with a phase difference of 180 degrees, yields the 
cos signal. The Lissajous figure can be represented by Fig. 
12. These signals can represent the sinusoidal signal 
generated by the displacement of the linear stage. 
 

  
Figure 11 Differential signal of Fabry-Perot interferometer 

 

  
Figure 12 Lissajous figure of differential Fabry-Perot interferometer 

 
 After obtaining the differential signal through the 
principle of differential processing, signal processing can be 
conducted using the interpolation module proposed in this 
study. The differential signal is subjected to analog-to-digital 
conversion and further subdivided based on the selected 
subdivision ratio through this module. In this study, the 
resolution is subdivided by a factor of 20, thereby enhancing 
the resolution to 15.82 nm. If higher specifications are 
required, further subdivision can be performed according to 
the needs. The resulting signal after conversion can be 
represented by Fig. 13.  
 

  
Figure 13 Square wave signal after converting 
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 This square wave signal can be utilized for precision 
measurement purposes, allowing for the determination of the 
current displacement of the moving stage by the counting 
values. Additionally, this signal can serve as a laser encoder, 
providing feedback to the drive controller for feedback 
control. The integration of this signal as a laser encoder 
enhances the accuracy and reliability of feedback control 
systems, contributing to the overall advancement and 
competitiveness of industrial processes. 
 
5 CONCLUSION 
 

In this study, the optimization of interferometric system 
based on Fabry-Perot interferometer for advancing 
nanopositioning technologies in precision mechanical 
industries. This study has focused on developing a common-
path structured interferometric system to eliminate DC offset, 
thereby enabling precise positioning control in normal 
environments. Furthermore, the utilization of polarizing 
phase-shifted methods and differential Fabry-Perot 
interferometers addresses limitations in determining 
movement direction and reduces signal drift, thereby 
enhancing measurement accuracy. Experimental validation 
demonstrates the correspondence between actual interference 
signals and simulations, thus validating the effectiveness of 
the proposed methods. Through signal processing and 
interpolation techniques, the resolution of the differential 
signal is enhanced, offering improved precision in 
displacement measurement and feedback control. Overall, 
the integration of interferometric systems as a laser encoder 
enhances the capabilities and reliability of nanopositioning 
systems, contributing to advancements in industrial 
processes and competitiveness. 
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