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Abstract. Phase extraction from single interference fringe pattern is an 
essential step in quantitative interferometry measurements particularly in 
single shot analysis.  Fringe pattern obtained from an interferometer often 
contain noise due to environmental disturbances and imaging limitations 
which can affect accuracy of phase retrieval. In this work, Fourier transform 
method is employed for phase extraction from single image of fringe pattern. 
This method is applied on unfiltered and filtered interference fringe pattern 
obtained using Michelson’s interferometer without any external 
deformation. The extracted phase expected to show linear variations. The 
quality of extracted phase is measured using phase linearity error and root 
mean square (RMS) of phase noise for filtered and unfiltered fringe patterns. 
The RMS phase error and maximum deviation decreases for the filtered 
interference pattern as compared to unfiltered pattern. These results confirm 
that prior filtering of fringe pattern before applying the Fourier transform 
method significantly improves the phase quality, accuracy and reliability.  

1 Introduction  
 Interferometric techniques have been identified as one of the most precise optical setup 
for determining displacement [1], deformations [2, 3] and refractive index [4]. The phase of 
the fringe pattern contains crucial quantitative information about these parameters. For 
example, take the case of the basic two beam interferometer. It is one of the most widely used 
optical setups due to its high sensitivity and simple configuration [5]. The fringe patterns 
obtained from it have information about the optical path difference of the interfering light 
waves. It has applications in areas such as metrology [6], imaging [7], all optical logic gates 
[8] and sensors [9–11]. Recent developments in Michelson interferometry include integrated 
photonic Michelson sensors [12, 13] and compact fringe counting displacement system [14]. 
Applications of interferometry range from Astronomy/Astrophysics [15] to thin film 
thickness measurement [16]. 
 As mentioned earlier, the fringe patterns contain information about the optical path 
length difference between the two interfering waves. The change in the path difference may 
arise due to change in refractive index or small displacement/deformation of one of the 
mirrors. Extraction of phase information from fringes is very important for determining 
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deformations [17], surface profiling [18], vibration analysis [19] and refractive index 
measurement [20, 21]. There are several techniques developed for fringe phase extraction 
[22–26]. Among these, the conventional phase shifting interferometry technique is known 
for precision phase measurement but requires multiple fringe patterns with known phase 
shifts and controlled phase shifting device [27–30]. The requirement of multiple images is a 
major limitation of phase-shifting interferometry compared with single-image methods. 
Dynamic systems, such as thermal deformation require rapid analysis of the temporally 
separated images. It is not feasible to use phase-shifting interferometry for measuring such 
thermal deformation/expansion. Hence, a single-image phase extraction method becomes 
necessary in this case. 
 Fourier transform method [31–35] is one such technique to extract phase information 
from a single frame. In the Fourier transform method, phase extraction is achieved by 
separating spatial carrier frequency from zeroth order and complex terms. By doing this, 
wrapped phase is obtained which has phase ambiguities ranging from +π to –π. These 
ambiguities can be removed by using phase unwrapping algorithms [36, 37]. Fourier 
transform method proposed by Takeda et al. [31] is pretty straight forward and adopted by 
researchers for phase determination from the fringe pattern. In this method, the captured 
fringe pattern transformed in the frequency domain, where zeroth order and first order 
spectral components are separated from each other. Selecting any one of the first order 
sidebands using the bandpass filter and taking its inverse Fourier transform, we obtain the 
wrapped phase map. This method is very useful for instant phase extraction from a single 
image.  
 Despite the advantage of Fourier transform technique, its dependence on the accuracy of 
the frequency domain filtering [38–40], the presence of noise and high frequency spectral 
component in the pattern can result in difficulties while extracting phase information. Hence, 
it is important to carefully filter fringe patterns as well as frequency domain spectrum. The 
fringe patterns obtained from a two-beam interferometer are straight and uniformly spaced. 
Hence, without any deformation, the ideal phase distribution is expected to vary linearly 
along the direction perpendicular to the fringe pattern.  To validate the method, it is important 
to observe the linear phase behaviour. This behaviour can be analysed from the amount of 
deviation between retrieved phase map and the linear phase fit, which can be used to 
determine whether any phase noise or errors arise during Fourier processing.   
 In this paper, Takeda’s Fourier transform method is employed to extract the phase from 
single image of two beam interference fringe pattern. The band pass filter is applied to Fourier 
spectrum for selecting the first order spectral component for the removal of unwanted noise. 
Fourier transform method was implemented on the fringe patterns with and without filtering. 
Phase maps were extracted and phase quality was compared with the phase fit and assessed 
using quantitative error metrics such as RMS phase error and maximum phase deviation [39].  
Results show that pre-filtering a fringe pattern before applying the Fourier transform 
improves the quality of the resulting phase maps. 

2 Theoretical Background  
The 2D fringe pattern can be expressed as [31],  

            ),()(2cos),(),(),( 00 yxyfxfyxIyxIyxI YXba  +++=              (1a) 

where, ),( yxIb  is the background intensity, ),( yxIa  is Amplitude, ),( yx  phase and 0f  is 
spatial frequency carrier. 
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Taking Fourier transform of Eq. (2), we get, 
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Using the shifting theorem,  

       )(),(),(),(),( 00
*

00 YXXXYXXXYXAYX ffffPffffPffIffI +−+−+−−+=       (4b) 

Now taking log of Eq. (3) we get, 

                                        ),(log),(
2
1log)],(log[ yxi

b eyxIyxP +



=                           (5a) 

                                         
eyxiyxIb log).,(),(

2
1log +



=                      (5b)

 

    ),(),(
2
1log)],(log[ yxiyxIyxP b +



=           ( )1log =e                   (5c) 

Here, 



 ),(
2
1log yxIb represent amplitude and ),( yxi represents phase of the fringe pattern. 

3 Theoretical Background  
 Fig. 1 shows the two-beam interferometer set up in which light from the diode laser was 
divided into two halves using a beam splitter.  One beam goes in the direction of the mirror 
1 and other is incident on mirror 2. Upon reflection, both beams superpose to give an  
interference pattern which can be visualized and saved using a digital camera attached to a 
computer. The interference fringe pattern shows occurrence of constructive interference or 
destructive interference depending on whether the superposing waves are in phase or out of 
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phase with each other. In the intermediate cases, the total electric vector displacement is given 
by the vector resultant, and the intensity is proportional to the square of resultant 
displacement amplitude. The fringe pattern obtained from this setup was analysed using the 
Fourier transform. 

 
Fig. 1. Schematics of two beam interferometer 

4 Results and Discussion  
The interference fringe pattern obtained using the experimental setup of the two-beam 

interferometer is shown in Fig. 2(a). These images were then processed using frequency-
domain filtering. Figure 2(b) shows the filtered fringe pattern, which exhibits reduced noise 
and smoother fringes compared to Fig. 2(a). 

  
(a) (b) 

Fig. 2. Interference fringe patterns- (a) Experimental and (b) Filtered 

These interference fringe patterns were then transformed into frequency domain using 
fast Fourier transform which gives us the frequency domain spectrum. Fig. 3 shows 2D and 
3D frequency spectrum of unfiltered fringe pattern. The spectrum shows three peaks which 
are expected from Eq. (4) containing the background intensity term at the centre and two first 
order sidebands that represent the modulated phase map. However, the Fourier domain 
contains an ample amount of noise which can affect the phase map. 

 

Beam  
Splitter 

Laser  

Mirror 1  

Mirror 2  

Digital 
Camera 
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Fig. 3. Fourier spectrum of transformed fringe patterns- (a) 2D and (b) 3D frequency 

plot without filtering 

Fig. 4 shows the 2D and 3D frequency domain spectrum of fringe pattern after Fourier 
domain band pass filtering. As we can see from the plot, the central DC term and noise has 
been removed from frequency domain. Now we can implement Fourier transform to separate 
out single first order frequency term from it. 

 

 
(a) 
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(b) 

Fig. 4. Fourier spectrum of transformed fringe patterns- (a) 2D and (b) 3D frequency plot after 
filtering 

Band pass filter is applied to isolate the first order spectral lobe. After isolating, it is then 
shifted to the centre. After an inverse Fourier transform, the image is then transformed back 
to spatial domain which later can give rise to wrapped phase maps as shown in Fig. 5. As we 
can see from Fig. 5 (a), the wrapped phase map obtained from unfiltered fringe pattern 
contains irregular phase jumps while filtered fringe pattern gives smooth wrapped phase map 
as shown in Fig. 5(b). The wrapped phase map includes discontinuities from +π to –π. 

  
(a) (b) 

Fig. 5. Wrapped phase maps of fringe patterns (a).Without Filter and (b). After Filtering 

To extract phase information from it, we need to unwrap this wrapped phase map by 2D 
phase unwrapping algorithm [37]. Fig. 6 shows unwrapped phase maps of (a) unfiltered and 
(b) filtered fringe patterns. The unwrapped phase map of unfiltered fringe pattern shown in 
Fig. 6 (a) consists of artifacts attributed to noise present in the original image, while filtered 
fringe pattern gives a smooth phase map as shown in Fig. 6 (b). 
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(a) (b) 

Fig. 6. Unwrapped phase maps of fringe pattern (a).Without Filter and (b). After Filtering 

Fig. 7 (a) shows clear deviations along the linear phase fit for the unfiltered fringe pattern. 
This is because of unwanted spectral components and noise. Whereas, Fig. 7 (b) shows the 
phase map with reduced deviations after applying frequency domain filtering. This confirms 
the efficiency of frequency domain filtering for accurate phase extraction. 

  
(a) (b) 

Fig. 7. Retrieved phase plot of fringe pattern (a) without filtering and (b) with filtering. 

RMS phase error, Max phase error and 2D RMS phase noise of unfiltered and filtered 
unwrapped phase map was quantitatively reported in Table 1. 
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Table 1. Quantitative phase error and phase noise of unwrapped phase map. 

Sr. 

No 

Type of fringe 

pattern 

RMS phase 

error 

Max phase 

error 
2D RMS phase noise 

1 Unfiltered 0.7205 rad 2.8741 rad 9.3864 rad 

2 Filtered 0.4506 rad 1.1008 rad 9.3704 rad 

 

The effect of Fourier domain filtering on the unwrapped phase map quality was evaluated 
using phase error metrics. The RMS phase error reduced from 0.7205 rad to 0.4506 rad after 
filtering, which gives 37% improvement. The maximum phase deviation was reduced from 
2.8741 rad to 1.1008 rad i.e. 62% reduction. These results show that Fourier domain filtering 
efficiently reduces noise and high frequency distortion which gives an improved phase 
linearity and enhanced reliability for phase extraction from single interference fringe pattern. 

5 Conclusions   
Phase information was extracted successfully from single fringe pattern using the Fourier 
transform method introduced by Takeda et. al [31]. Pre-filtering of fringe pattern plays an 
important role in improving phase quality besides making it noise free. Error analysis 
comparison demonstrated reduction in maximum phase deviation by approximately 62% and 
37% in RMS phase error respectively. Our results confirm better accuracy in extracting phase 
from single fringe pattern obtained from two beam interferometer. 
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