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ABSTRACT 

As digital holographic microscopy (DHM) uses microscope objectives (MO) for enlarging the sample, some associated effects 
that are not present in optical microscopy have to be considered as quantitative phase imaging (QPI) is regarded. The remaining 
phase curvature introduced by the MO, which does not affect the optical microscopes, plays a determinant role in the performance 
of the DHM. In this contribution a thorough analysis of the physical parameters that control the appropriate utilization of MOs in 
DHM is presented. The analysis is carried for QPI. We study the sample phase perturbations that the MO phase curvature intro-
duces. An analysis of the regular ways as these phase anomalies are removed is presented. The study is supported by means of 
numerical modeling and experimental results. 
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1. INTRODUCTION 

 
Digital holographic microscopy (DHM) allows the numerical reconstruction of a complex wavefield [1-5]. The basic 
idea is to record the complex amplitude distribution of an object field into an interference pattern with a reference 
wave from the acquisition of a single digital hologram. As a microscope objective (MO) is used, it appears an addi-
tional parabolic phase factor in the object amplitude distribution [6, 7]. This factor affects both phase and amplitude 
imaging; however, it has a more devastating effect in the hallmark of DHM, namely quantitative phase imaging 
(QPI). The applications of QPI-DHM are found in different fields, for instance, living cell screening [8-11], particles 
tracking [12-15] and MEMS evaluation [16-18], hence the correction of such phase curvature is needed. 
As QPI-DHM is considered, most of the DHM reported in the literature remove the remaining quadratic phase factor 
by a-posteriori numerical approaches [7, 19, 20] or by recording another hologram without object information [21] 
or by introducing an identical imaging system on the reference arm [22]. Basically, these digital processes involve 
the knowledge of the center and radius of the curvature phase factor to compensate its effects on QPI-DHM. Howev-
er, even minimum errors in these parameters perturb the accuracy of the measurement [23]. 
To overcome this drawback, a telecentric imaging system is utilized. In this case, the parabolic phase factor is elimi-
nated physically and the system has the property of being shift-invariant [23], in contrast of the usual arrangement. 
Our goal in this work is to present a thorough analysis of a physical performance of a QPI-DHM configuration to 
evaluate the performance of the imaging system in the set-up. 
The paper is organized as follows. In Section 2, we explain the basic theory of a DHM and derive the equations that 
describe the imaging system. In Section 3, we analyze the inaccuracies introduced by the MO when imaging system 
is non-telecentric and telecentric. Computer modeling and experimental verifications are shown. Finally, in Section 
4, we summarize the main achievements of our research.  

2. THEORY 
 

The basic architecture of a transmission DHM (see Figure 1) is a modified Mach-Zenhder interferometer where the 
light comes from a He-Ne laser of wavelength λ = 633 nm. In this study, we utilize a plane reference wave. The 
wavefield scattered by the specimen is collected by a microscope objective MO (infinity-corrected), and the object                                                         
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image is formed by the tube lens TL, whose focal length is , at the image plane (IP). The holograms are recorded 
on a charge-couple device (CCD) with 1024x1024 square pixels of 6.9 μm side. 
To achieve an off-axis configuration, both the beam-splitter BS2 and the mirror M2, which reflect the reference wave 
R, are slightly tilted such as the reference wavefield interferes with the object wave O 

 
Figure 1: Scheme of the transmission DHM for evaluating the accuracy of the QPI-DHM. CL is a collimating lens; BS1 and BS2 

are beam-splitter cubes; M1 and M2 are mirrors; MO is a microscope objective; and, TL is a tube lens. 
 
with a small angle θ. At the CCD plane, the interference between the object wave and the reference wave produces 
the hologram intensity 
  (1) 

being  the spatial transverse coordinates,  the square modulus and * the complex conjugate operation. The 
two first terms are the zero-order of diffraction and the other two are the virtual and real terms, respectively also 
known as twin images. 
To reconstruct the real image , the two-dimensional Fourier transform of Eq. (1) is calculated. In the corre-
sponding spatial spectra, the spatial frequencies of the zero-order term are placed in the center. Whereas that the 
frequencies of the other terms are located symmetrically with respect to the center of the image [24]. The distance 
between one of these terms and the zero-order term can be measured and is directly related with the incidence angle 
θ. The Fourier transform image is spatial filtered out to eliminate the zero-order and the twin contributions. As the 
term that contains the real image, , is a product between the complex conjugate reference wave and the object 
wave, it is necessary to multiply with a numerical version of the reference wave such as 
  (2) 
where are integers and  

  (3) 
being  pixel size of the CCD camera and  can be measured directly in the Fourier spectra. 

Since  is an array of complex numbers, it is possible to obtain the amplitude-contrast image  

  (4) 
and the phase-contrast image  

  (5) 

It is assumed that the sample introduces only a phase delay  resulting from a difference of refractive index, 

, and/or thickness, e . These parameters are correlated by the following expression φ = 2π
λ n − n0( )e. 
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Figure 2: Illustration of the geometry of the object arm. 

 
As shown in Figure 1, the optical scheme in the object arm is a simple imaging system. A zoom of this arrangement 
is illustrated in Figure 2. Depending on the distance between the MO and TL, it is possible to achieve a telecentric or 
non-telecentric arrangement. Following regular imaging ABCD transformations [25, 26] and after straightforward 
algebra, the expression of the complex wavefield produced by the imaging system at the CCD plane is given by  

  (6) 

where  is the magnification of the imaging system and represents the 2D convolution between the 
complex amplitude  scattered by the object and the Fourier transform of the aperture function of the imaging 

system. At this point it is important to note the presence of a quadratic phase factor  [6, 7, 23] 

associated with the use of the MO. The radius of curvature  of this parabolic phase factor is given by 

  (7) 

where  is the distance between the MO aperture stop and the TL plane, see Figure 2. 
As a direct consequence of this quadratic phase term, the imaging system is shift-variant [23, 27]. Generally, the 
majority of DHMs work in a non-telecentric arrangement, thus the measurement of the QPI-DHM depends on the 
object position. However, it is possible to remove fully this quadratic phase factor by using a telecentric configura-
tion, namely  [28]. Contrary to what happens in the general case, , now the imaging system has the 
shift-invariant property. 
 

3. Quantitative phase imaging: numerical and experimental results 
 

Our aim is to show the effect of the quadratic phase factor on phase measurements. To do that, the experimental set-
up has been modeled numerically. By using Eqs. (1) and (6) to generate synthetic hologram, we imaged a phase 
object composed by two identical disks with radius 639 μm; each disk has a phase jump of 1.7 rad. The disks have 
their centers separated 2.534 mm to cover the half of field of view (FOV). 
In our study, the variation of a parameter called offset, fTL − d , allows the DHM operates in the telecentric or non-
telecentric regimen. 
To simulate the most ideal case of the numerical correction of the quadratic phase factor, we have assumed a shift of 
one-pixel on-one-thousand on the location of the center and an error of 2% on the radius of curvature. Figure 3 
shows a three-dimensional perspective of the reconstructed phase distribution for both configurations. The measured 
phase of the object is plotted along a straight line connecting the centers of the disks (see Figure 3). For both cases, 
telecentric and non-telecentric, the measured phases for the disk placed at the very center the FOV are almost identi-
cal; minimum\maximum variations of the 2.7\6.7 % for an offset of 40 mm are observed with respect to the zero 
offset (telecentric case). However when the phase object is placed at the edge of the FOV, the minimum\maximum 
variations become more significant, are the order of 31.4\70.8% with respect to the zero offset. These findings are 
summarized in Figure 4. 
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Figure 5. Digital holograms recorded by the CCD when the Fresnel lens is at the (a) center and (b) edge of the FOV; (c, d) the 
corresponding spectra; (e, f) filtered two-dimensional Fourier spectrum and (g, h) wrapping reconstructed phase distribution. 

 
For the non-telecentric imaging system, the suppression of the remaining quadratic phase factor is corrected by fit-
ting polynomial curves along selected profiles extracted from the area of the wrapped reconstructed phase distribu-
tion where it is assumed the sample is constant [29]. It is interesting to mention that curve-fitting is applied on un-
wrapped images. After the parabolic wavefront correction, the reconstructed phase images are shown in Figure 6. We 
can compare these reconstructions with the ones obtained from the telecentric DHM. Clearly, the images correspond-
ing to the telecentric case are visually better, without the appearance of digital noise.  
 

 
Figure 6. (a, b) Reconstructed phase map of the Fresnel lens for a non-telecentric geometry and after correcting the spherical 

factor. 
 
Finally, from Figures 5 and 6, we plot the phase profiles of the Fresnel lens at the two studied positions on the FOV 
and for the two studied configurations, see Figure 7.For the telecentric imaging system, the measured phase does not 
change; for both positions of the object we measure an average phase jump of 1.74±0.25. Nevertheless, for an offset 
of 40 mm, the phase measurement shows a clear variation with respect to the telecentric measurement. We can see 
the same upward behavior at the edge of the FOV between the experimental result and the one modeling (Fig. 4). 
The difference between the measured phase for the same object at the very center and at the edge of the FOV is of 
the order of 19.8%. Whereas that for the case of the telecentric geometry this difference is 1.74%. 
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Figure 7. Experimental profiles of the Fresnel lens placed at different positions on the FOV, as the imaging system has different offsets; solid\dotted line for 0\40mm offset. 

 
4. CONCLUSIONS 

 

In conclusion, we have shown the inaccuracies of the QPI-DHM measurement by using a non-telecentric imaging system. The 
use of a non-telecentric arrangement provides a shift variant system. This property perturbs QPI-DHM measurements of identical 
objects placed at different positions on the FOV. The experimental results agree with the numerical modeling. In both, the phase 
measurement is clearly different for a non-telecentric geometry with respect to the telecentric arrangement. By contrast, when the 
imaging system is telecentric, QPI-DHM measurements have no dependence on the specimen position and this feature makes it 
very useful as a tool for measuring in life and material sciences. 
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