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Abstract 

This paper presents an approach for correcting phase reconstruction from the interferogram 
Diffraction phase microscopy (DPM) system if there exist artefacts around the defect features due to 

noises. By averaging local region around the artefacts of the unwrapped phase using a sliding window 

with iterative approach, the correct phase information can be retrieved. The reconstructed phase 
images after correction step demonstrate the ability of the proposed approach in extracting the correct 

phase data from the system. 
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local phase approximation, background removal 

1 Introduction 

Optical interferometry has the ability to reveal nano-scale information because it can provide access 

to phase. Diffraction phase microscopy (DPM) is one of the most popular optical inspection systems 

that uses a common-path interferometer to obtain both the amplitude and phase information from a 

sample in order to achieve 3D information (shape and size) of an object. In the conventional DPM 

system, one stringent requirement is that the first order of diffraction beam needs to be produced with 

higher magnitude than zero order beam so that after going through the pinhole, which also requires 

high accuracy alignment, these two fields interfere at the final image plane on the CCD sensor to 

create the correct final interferogram with the optimal fringe visibility [1-4]. The 3D reconstruction of 

interferogram images obtained from DPM system using conventional algorithms such as Fourier 

transform-, or Hilbert transform-based phase extraction, and branch cuts-, or global optimization-

based phase unwrapping often results in very good outcome [5-16]. However, we have been observed 

that, in some specific cases, there are distorted reconstructed images and lack of clarity if the defect 

size is below the diffraction limit (sub-µm).  

This work contributes to derive an approach for correcting phase reconstruction from the 

interferogram system if there exist artefacts around the defect features. Additionally, even though the 

noise level is inherently low in the DPM system, there is still a need to quantify such noise and 

remove it when dealing with sub-diffraction size of defects. As we aim to develop a quasi-real time 

imaging system, the first step is to employ GPU-based Hilbert transform for extracting the phase 

information from the interferograms. After that, making use of a fast algorithm based on quality map 
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is leveraged on for unwrapping the extracted phase, which will be gone through a pre-corrected step 

by averaging region around the artefacts before dimension characterization (estimation of shape and 

size of the defects). In this paper, we have also attempted to reconstruct the background intensity of 

the resulting unwrapped phase, from which the constructed background is then subtracted before 

retrieving the correct phase information. The reconstructed phase images after corrections step 

demonstrate the ability of the proposed approach in extracting the correct phase data from the DPM 

system. 

2 Phase reconstruction in DPM system 

2.1 Conventional phase reconstruction process 

The ultimate limiting factor for defect detection is not resolution, but rather noise, which decreases 

image contrast and reduces sensitivity. This can be relieved by using DPM system, which presents a 

low-noise optical microscope imaging system with high sensitivity. A conventional DPM 

interferometer is illustrated in Figure 1, where a 405nm semiconductor laser coupled into a single-

mode fiber is used as the illumination source. The light beam going through speckle reducer and 

optical components is focused on the back focal plane of the objective lens for normal incidence on 

the test sample. The reflected beam is collected by the same objective lens and incident on a 

diffraction grating (300 lines per mm) to produce multiple orders of beams. The first order and the 

zeroth order beams will then pass through a pinhole, and 4f system which is composed of two lenses 

with focal lengths of 75mm and 400mm, respectively. In DPM system, one stringent requirement is 

that the first order of diffraction beam needs to be produced with higher magnitude than zeroth order 

beam so that after going through the pinhole, which requires high accuracy alignment, these two fields 

interfere at the final image plane on the CCD sensor creating correct interferogram image with 

optimal fringe visibility [1-4]. 

The algorithm for reconstruction of phase image from the interferogram image obtained from DPM 

system consists of two main steps. Firstly, phase extraction algorithm is used to extract the phase 

information from the raw interferogram image. Then, phase unwrapping algorithm is employed to 

obtain the absolute phase image and its 3D information. In fact, the 3D phase reconstruction is usually 

performed using conventional algorithms such as Fourier transform-, or Hilbert transform-based 

phase extraction [5-9], and branch cuts-, or global optimization-based phase unwrapping [10-16]. In 

addition, there is a need to develop a background removal algorithm in case no reference image can 

be provided. The background model is based on the 2D surface fitting (4th order polynomial) with data 

extracted from the unwrapped phase. This is then used as the reference image for substracting when 

retrieving the phase information [17-18]. 



The reconstruction process often results in very good outcome as illustrated in Figure 2, Figure 3 and 

Figure 4. The result obtained in Figure 2 is from the interferogram image generated by equation (3), 

where the one in Figure 3 is the phase unwrapped from the wrapped phase simulated by using 

equation (4). We use the measured metrics, such as Peak Signal-to-Noise Ratio (PSNR) defined in 

equation (1) where Mean-Squared Error (MSE) is obtained from equation (2), to evaluate the 

accuracy of the most popular extaction and unwrapping algorithms for the results in Figure 2 and 

Figure 3; and the outcome is listed in Table 1. It can be seen that a combination of Hilbert transform 

for phase extracting and quality map for phase unwrapping can be considered as the best for 

subsequent phase reconstruction. Figure 4 shows the reconstructed phase images of a 60µm diameter 

SiO2 pillar with high of 100nm standing on the Si wafer. Note that a CCD camera (1024-by-2048, 

pixel size of 5.3µm) is used to capture the interferogram image. The results agree very well with the 

test sample’s fabrication data (shape and size).  

𝑃𝑆𝑁𝑅 = 10𝑙𝑜𝑔10(peakval2/𝑀𝑆𝐸)                          (1) 

𝑀𝑆𝐸 = 1 𝑁𝑀⁄ ∑ ∑(𝑋(𝑖, 𝑗) − 𝑌(𝑖, 𝑗))2                    (2) 

𝐼(𝑥, 𝑦) = 128𝑒−(𝑥2+𝑦2) + 127𝑒−(𝑥2+𝑦2)cos(8𝜋(𝑥2 + 𝑦2) + 32𝜋𝑥) (3) 

𝜑(𝑥, 𝑦) = 𝑊𝑟𝑎𝑝𝑇𝑜𝑃𝑖(20𝑒−(𝑥2+𝑦2) 2 0.22⁄⁄ + 10(𝑥 + 𝑦) + 0.5𝑟𝑎𝑛𝑑𝑛(𝑁)) (4) 

 

Figure 1: A common-path diffraction phase microscope (DPM) for 3D imaging of defects. 

     



Figure 2: Phase extraction from simulated interferogram image obtained by equation (3).     

 

Figure 3: Phase unwrap from simulated wrapped phase image obtained by equation (4). 

  

 

Figure 4: The reconstructed 2D and 3D images of SiO2 pillar with diameter of 60µm, high of 100nm on Si 

wafer. 

Extraction algorithm Fourier Hilbert Derivative Hilbert Huang 

PSNR (dB) 35 57 34 46 

Unwrapping algortihm Branch cuts Quality map Lp-Norm Network Flow 

PSNR (dB) 36 36 35 36 

Table 1: Accuracy level of conventional extraction and unwrapping algorithms. 

2.2 Local corrections of unwrapped phase 



It has been seen that DPM system is able to reduce much noise. However, because of system 

calibration errors, sample-tilt, aberration, nonuniformity or time-varying illumination intensity, there 

still exist noises causing artefacts during phase reconstruction; and worst yet if the sub-diffraction 

limit defect signal buried into noise that will result in phase data corrupted. A calibration procedure is 

proposed by smoothing based on iterative approach to approximate local phase for unwrapped noisy 

data as presented in Figure 5. The local approximation with average estimation in a sliding window is 

performed to remove the artefact phase wherever there is. The procedure is initiated by the phase 

estimates obtained for the neighboring points and the artefacts (containing in the sliding window), 

which is defined as when the magnitude of the phase difference taking value larger than certain 

threshold). This is repeated until there is no more dicrete peak (artefact) within the sliding window, 

and the phase becomes smoother. This process not only removes the artefact, but also helps enhance 

signal to noise ratio (SNR) [19-21]. 

Algorithm: Corrected unwrapped phase 

Input: unwrapped phase, sliding window (size), threshold 

Output: corrected unwrapped phase 

Procedure corrected_phase(): N (number of sliding windows) 

    for i = 1 to N do 

P = peak_detection(): Diffp > threshold, Maxp = number of peaks (artefacts) 

              NewPeakList.append(peak) 

              while count > 0 do 

                        average_region(pixels, average parameters) 

                        check = Diffp vs. threshold 

          count = number of remaining peaks (Maxp, check) 
     end while 

              Estimation = pixel value in sliding window 

    end for 

    return corrected phase 

End procedure 

Figure 5: Pseudo-code of corrected unwrapped phase algorithm 

3 Results and discussion 

The experimental samples are captured by CCD camera as interferogram images and processed using 

conventional phase reconstruction algorithm as shown in Figure 6 (a) and (b), respectively. It can be 

observed that strong noises disrupted the phase information causing artefacts around the defects’ 

location. Figure 6 (c) shows the corrected unwrapped phase using the proposed procedure; and its 3D 

phase image is depicted in Figure 6 (d). From this result, we can see the importance of implementing 

the proper correction procedure when there exist strong noises in the DPM system, and using 

conventional phase reconstruction algorithm leading to undesireable outcome. 



 

(a)   (b)   (c)   (d) 
Figure 6: (a) Interferogram image (b) Phase reconstruction (c) Corrected unwrapped phase (d) 3D phase image 

with respect to (c). 

4 Conclusions and Future works 

A pre-corrected procedure of phase reconstruction in a common path interferometer system for 

quantitative phase imaging is presented. The reconstructed phase image is corrected and able to 

provide more accurate 3D morphological information of the test sample. Further investigation on 

many more samples will be conducted to improve the robustness of the developed procedure. 
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