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ABSTRACT 

In the compact digital holoscope (CDH) measurement process, theoretically, we need to ensure the distances between the 
reference wave and object wave to the hologram plane exactly match. However, it is not easy to realize in practice due to 
the human factors. This can lead to a phase error in the reconstruction result. In this paper, the strict theoretical analysis of 
the wavefront interference is performed to demonstrate the mathematical model of the phase error and then a phase errors 
elimination method is proposed based on the advanced mathematical model, which has a more explicit physical meaning. 
Experiments are carried out to verify the performance of the presented method and the results indicate that it is effective 
and allows the operator can make operation more flexible. 
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1.  INTRODUCTION 
In recent years, digital holography (DH) has been demonstrated to be a powerful technique in measuring microscopic 
samples. The basic advantage of DH is particularly useful for acquiring the intensity and phase of a specimen from a 
single hologram. This method is suitable for the testing of cells, semiconductor wafers and other micro-systems samples, 
with full-field and real-time features, for static and dynamic inspections1-3. P. Ferraro et al4 applied the digital 
holography as an interferometric tool for measuring the out-of-plane deformation of Micro-electro-mechanical 
structures. Dierter et al5 investigated the heart valve bio-prostheses with a setup for lens-less Fourier holography. C. 
Yuan et al6 reported a lens-less digital holography system with short-coherence light source for recording 3D surface 
contouring of reflecting micro-objects. V.R. Singhetal7 investigated the dynamic characterization of a MEMS diaphragm 
using lens-less time-averaged in-line reflection digital holography. Later, they developed a commercial handheld 
reflective digital holography system, compact digital holoscope (CDH), which can be incorporated with the device 
fabrication tools to monitor the process parameters8. 
    Theoretically, in CDH (see Fig.1), the reference wave and object wave needs to match strictly on the hologram plane. 
In other words, we must accurately adjust the distance between the point source of reference wave to the hologram plane 
to be equal to the distance between the point sources of object wave to the hologram plane9, by either controlling the 
position of the reference mirror or by controlling the position of the specimen with high precision motion stages. 
However, it is not easy to ensure that the two distances are strictly equal in practice, which will produce a misadjustment 
error. Then it will introduce a phase error during the reconstruction process and cause a serious phase distortion in the 
reconstructed phase map. At present, many researchers focus on the compensation of the residual quadratic phase factor 
caused by the microscope objective (MO) in the digital holographic microscopy (DHM), such as Cuche et al described a 
numerical method using a single hologram, of which four reconstruction parameters need to be iteratively adjusted10. A 
two dimensional fitting method with Zernike polynomials is presented by Miccio et al11 to correct the quadratic 
curvature. Zhou et al12 presented a phase subtraction method to compensate accurately the system phase aberration, but 
the method should capture two holograms to eliminate the phase aberration, which is not suitable for dynamic 
measurement.  
    In this paper, we focus on the elimination of phase errors caused by the misadjustment errors in CDH. Firstly, the 
strict theoretical analysis of the wavefront interference is performed to demonstrate the mathematical model of the phase 
error and then a phase errors elimination method is proposed based on the advanced mathematical model, which has a 
more explicit physical meaning. The proposed method will reduce the dependence on the high precision motion stages 
and will make the operation more flexible. This paper can be structured as follows. In Section 2, the basic theory of CDH  
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is described and then a strict theoretical analysis of the wavefront interference between the reference wave and object 
wave is performed. Based on the theory analysis result, a new and advanced mathematical model is established to fit the 
unwrapped phase to remove the unwanted phase error. In Section 3, experiments are carried out to verify the 
performance of the proposed method. Finally the conclusion and discussion are given in Section 4. 

2. BASIC THEORY 
2.1 The principle of compact digital holoscope (CDH) 

 
                                                        Figure 1. (a) Configuration of CDH; (b) the detail of the off-axis geometry. 

The CDH system is built up by the Michelson interferometer configuration, as shown in Fig.1(a). A point light source 
provides a diverging beam and  a cube beam splitter is used to separate the diverging beam into two portions. The 
scattered light from the tested object is called object wave, and the reflection beam from the mirror is the reference wave. 
The two waves produce interference in the CCD plane (hologram plane), the interference pattern is called digital 
hologram. The interference angle as shown in Fig.1(b) can be controlled by tilting the reference mirror, and this can be 
used in the system in off-axis mode. 
    In the hologram plane, the intensity image ( , )I x y of the recorded hologram can be written as 

                                                        
2 2 2 * *( , )I x y O R O R R O RO= + = + + +                                                                 (1)

 
where ( , )R x y and ( , )O x y are the reference wave and object wave, respectively;

2 2O R+ , *R O and *RO are  the DC 
term, the virtual term and the real term, respectively. * denotes the complex conjugate. In the CDH configuration, the 
three terms are well separated by filtering in the two-dimensional Fourier spectrum13. The spectrum ( , )H

F x yψ of the 

virtual image term *R O can be extracted and then can be propagated to image plane to get a focused image ( , )I x yψ . 

There are two main numerical reconstruction algorithms to describe the relationship of propagation between ( , )H
F x yψ

and ( , )I x yψ : the single Fresnel transform formulation and the angular spectrum method 14. In this paper, the angular 
spectrum method is carried out to obtain the reconstructed wavefront15 as follows 

                               2 2
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where ( , )h n mξ ηΔ Δ is the optical transfer function in the spatial frequency domain, n and m are 
integers( / 2 / 2, / 2 / 2,M n M N m N− ≤ ≤ − ≤ ≤ and M N× is the number of pixels of the CCD). ξΔ and ηΔ , HxΔ and 
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HyΔ , IxΔ and IyΔ are sampling intervals in the spatial frequency domain, the hologram plane and the image plane, 
respectively. Then the intensity image and the phase map of the reconstruction image can be expressed as 
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It should be noted that the phase map obtained by Eq.(3) is wrapped. To get the real phase of object ( , )I In x m yΦ Δ Δ , 

the well-known phase unwrapping algorithms can be used. 

2.2 Theoretical analysis and mathematic model establishment 

 
                                                         Figure 2. Sketch map of the location of the two point sources. 

The geometry of the reconstruction algorithm is illustrated in the above section. Here let us assume that the reference 
wave is generated by a point source, which located at ( , , )r r rx y z and the object wave is also generated by a point source, 

which located at ( , , )o o ox y z , where oz and rz are the distances between the point sources of the reference wave and object 
wave to the recombining location of the two beams, as shown in Fig.2. Then, the reference wave and object wave in the 
holography plane can be expressed as follows 16 
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where ( , )object x yϕ and A0 are the phase of object tested and the amplitude, respectively. By geometric deduction, the 
corresponding intensity image can be rewritten as follows 
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Figure 3. Reconstruction phase for the changing of the positions: (a) when o rz z> , there is a converging quadratic with X and 
Y direction tilt; (b) when o rz z= , there is a quasi-flat phase;(c) when o rz z< , there is a diverging quadratic wave with x and y 
tilt. 

    According to Eq.(6), the virtual image term *R O  combines not only the phase of object but also four phase error terms 
which include  two linear terms (off-axis tilts), a quadratic term and a constant phase term. A close inspection of Eq.(6) 
and Fig.3 reveals that the quadratic phase term is generated by o rz z≠ . For example, the reference point source located at 
( , , )rc rc rcx y z or ( , , )rd rd rdx y z in Fig.2, and its corresponding reconstruction phase map is Fig.3(a) or Fig.3(c). If we can 
precisely adjust o rz z=  in the measurement process, the quadratic phase term will disappear, such as Fig.3(b). Actually,

oz and rz are not easy to measure and quantify in the experiment. In addition, in order to remove the off-axis tilts, we can 
orientate the maximum value of frequency spectrum domain, which is an easy way to remove the tilts. However, the 
phase curvature is difficult to be completely eliminated, which makes the spectrum centering difficult due to the 
fluctuating boundary. Thus the phase reconstructed from the hologram can be written as 

                                                           
( , ) ( , ) ( , )rec object errorx y x y x yϕ ϕΦ = +

                                                                       
(7) 

where ( , )rec x yΦ is the unwrapping phase of the holographic reconstruction, ( , )object x yϕ is the ideal phase of the object 

tested, ( , )error x yϕ is the phase errors map. In CDH, the phase of object ( , )object x yϕ is usually very small and varies 
quickly. Therefore, it can be regarded as a weak perturbation on the phase error17,18. Based on the analysis above, the 
phase error ( , )error x yϕ can be acquired by the fitting algorithm based on the proposed advanced mathematical 
compensation model as follows 

                                                          
2 2( , ) ( )error x y a x y bx cy dφ = + + + +                                                                     (8) 

where, , , ,a b c d are the coefficients of quadratic term, tilt terms in the x and y direction, the constant term, respectively. 
It can clearly be seen that the mathematical compensation model of Eq.(8) is in accordance with the phase error terms of 
Eq.(6). It is demonstrated that the model has a more explicit physical meaning than the simple spherical equation17 and 
XY polynomial18. To solve Eq.(8) for the unknown coefficients, the least squares (LS) method normally can be used. 
Because the LS fitting process minimizes the summed square of the residuals, the coefficients are determined by 
differentiating L with respect to each parameter, and setting the result equal to zero, see as Eq.(9) and Eq.(10). If the 
number of sampling point K is greater than the number of unknowns, then the system of equations is over-determined. 
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    Finally, we can obtain the matrix equation as Eq.(11).  
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(11) 

    After calculating these coefficients by Eq.(11), we can obtain the real object phase ( , )object x yϕ by removing the 

unwanted phase error ( , )error x yϕ from the reconstruction phase ( , )rec x yΦ . 

3. EXPERIMENTAL VERIFICATION
To verify the validity of the proposed method, some experiments were carried out. The setup of the CDH is shown in 
Fig.4. The light emitted from a 633nm He-Ne laser is coupled to a single mode fiber as a point light source. The compact 
CDH is fixed on a XYZ motion platform. The digital hologram is recorded by a CCD camera with pixel resolution is 
1280×960 and pixel size is 4.65μm×4.65μm. Figure 5(a) shows the digital hologram captured by the setup of Fig.4, 
when o rz z< . Fig.5(b) is the intensity distribution of wafer tested. Fig.5(c) and Fig.5(d) show the reconstructed wrapped 
and unwrapping phase map of wafer directly extracted from Fig.5(a) with the angular spectrum algorithm respectively. It 
is noteworthy that the spherical curved and tilt phase errors introduced by the adjustment errors19 are clearly seen in the 
whole field of view, which is similar to Fig.3(c). 

 
                                                       Figure 4. The setup of the CDH with XYZ motion platform. 

CDH 
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                                                                 (a)                                                                            (b) 

      
                                                                (c)                                                                              (d) 

Figure 5. The experimental result by CDH: (a) the digital hologram of the wafer; (b) the intensity image; (c) wrapped phase 
reconstructed; (d) unwrapping phase reconstructed. 

 
                                   (a)                                                                  (b)                                                                   (c) 

           Figure 6. Results: (a)fitted aberration; the correct phase map by (b) proposed method; (c) Zernike fitting method. 

    Fig.6(a) shows the fitting phase error term ( , )error x yϕ of Fig.5(d) with the proposed method. Fig.6(b) gives the phase 
corrected by subtracting Fig.6(a) from Fig.5(d). It is shown that the feature of the wafer is clearly seen within the whole 
field of view. To further verify the validity of the proposed method, the Zernike fitting method20 is introduced to compare 
with our method. Fig.6(c) shows the phase corrected by Zernike method. It demonstrates that the two recovered phase 
maps look similar to each other. However, in this experiment, 1228800 (1280×960) sampling points are chosen from the 
original phase matrix and the processing time of the two methods are 0.22s (proposed method) and 5.94s (Zernike fitting 
with 21 polynomials), respectively, with 2.67 GHz Core (TM) i7 CPU using MATLAB 7.11. 
    A wafer used for the microphone is selected as another specimen to further indicate the proposed method. Fig.7(a) is 
the hologram of the wafer, when o rz z> , and its intensity image is given in Fig.7(b). The wrapped phase reconstructed 
and unwrapped phase reconstructed are given in Fig.7(c) and Fig.7(d), respectively. Fig.7(e) shows the fitting phase error 
term ( , )error x yϕ of Fig.7(d). Fig.7(f) displays the phase map corrected of specimen by proposed method. 
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                                                                (a)                                                                            (b) 

      
                                                                (c)                                                                              (d) 

         
                                                                 (e)                                                                             (f) 

Figure 7. The experimental results with CDH:  the hologram (a) and the intensity (b) of the wafer; (c) the wrapped phase 
reconstructed; (d) unwrapping phase map; (e) the fitting error curvature;(f) the phase map corrected by proposed method. 

4. CONCLUSIONS AND DISCUSSION 

In this paper, we focus on the elimination of phase errors caused by the misadjustment errors ( o rz z≠ )  in CDH. Firstly, 
the strict theoretical analysis of the wavefront interference is performed to demonstrate the mathematical model of the 
phase error and then a phase error elimination method is proposed based on the advanced mathematical model, which 
has a more explicit physical meaning. The experiment results acquired show that the proposed method is quite useful and 
simple in CDH system. Moreover, it allows the operation of the CDH system without a precision motion stage, which 
can be freely adjusted. 

Note that, for the phase compensation method 13,17,18,20, the phase data of specimen is usually very small and varies 
quickly and can be regarded as a weak perturbation on the phase errors. However, these phase compensation methods 
will be failure (see Fig.8), when the phase data of specimen is big enough. It is clearly seen from Fig.8 that there is an 
obvious quadratic error in Fig.8(b) and Fig.8(c). To overcome this case, we can select some sampling points without 
specimen information on the specimen areas to fit the phase errors20. Fig.9(a) shows the sampling points extracted from 
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Fig.8(a) without specimen information. After removing the fitting phase error, we can get the compensation results, as 
shown in Fig.9(b) and Fig.9(c). 

   
                                 (a)                                                                    (b)                                                                    (c) 

             Figure 8. (a) the phase map of specimen with phase error; (b)3D map and (c) 2D map of compensation result. 

    
                               (a)                                                                   (b)                                                                       (c) 

Figure 9. (a) sampling points extracted from Fig.8(a) without the specimen information; (b)3D map and (c) 2D map of 
compensation result. 
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