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Abstract: A comparison between reconstruction of wavefront aberration (WA) provided by two different techniques 

(a point-diffraction interferometer and a Shack-Hartmann wavefront sensor) applied on the study of a meniscus lens 

is presented. The description of WA is done in terms of the Zernike polynomials and, when terms up to 4th order of 

the expansion are taken, the maximum difference of the root-mean-square (RMS) between both techniques is reduced 

to 0.08 𝜇𝑚 , excluding  pseudo-aberration terms.

  

I. INTRODUCTION 

Measuring and analysing the optical quality of optical 

systems for the use in different areas, research fields and 

applications is an interesting and currently explored research 

field of continuous development. Although a large number of 

techniques are available for optical testing, interferometry and 

wavefront sensing techniques have been used extensively and 

commonly in the last decades. Despite the different nature of 

both techniques, the wavefront aberration (WA) of the beam 

emerging from the system can be reconstructed to estimate the 

optical quality. 

The aim of this work is to compare the estimations of the 

WAs from two different, and somehow complementary, 

techniques used by the Grup d’Òptica i Fotònica (or Optics 

and Photonics Group) of the Applied Physics Department of 

the University of Barcelona (UB): a point-diffraction 

interferometer (PDI) and a Shack-Hartmann (SH) wavefront 

sensor. This equivalence has been reported before by Bueno et 

al. [1] on the study of phase plates. In this work, we apply both 

techniques on the study of a real system: a meniscus lens, so it 

would be one step beyond in this research area and in one of 

the currently research topics of Optics and Photonics Group . 

So we want to check the precision of both these techniques and 

study the advantages and disadvantages  of each one. 

Although originally designed to be used in correction 

atmosphere turbulence in optical astronomy, during the past 

two decades SH sensors have successfully been used in other 

fields such as analyse and compensate ocular aberrations. In 

the Optics and Photonics Group research group this tool has 

been used to analyse the optical quality of antique optical 

instruments [2], study the propagation of light [3] and correct 

the aberrations of optical tweezers [4]. 

A SH wavefront sensor basically consists on a microlens 

array and a CCD camera (Fig.1.). The wavefront is divided by 

the microlens array in such a way that each light division is 

brought to a particular location in the focal plane of the array. 

If the wavefront is aberrated, these spots shift from the 

regularly spaced ideal spot pattern produced by a plane 

wavefront. These displacements provide information on the 

local slope of the wavefront over each microlens, and then the 

WA can be reconstructed using the software provided by the 

manufacturer. 

On the other hand, the PDI is not a tool as extended and 

popular as the SH, but in the last few years this has been 

proposed and used in analysis of ocular aberrations. The PDI 

is a simple common-path interferometer used to directly 

measure optical path differences. In the Optics and Photonics 

Group this interferometer has been used in the study of optical 

properties of fish lenses [5], and is a recently incorporated tool. 

A PDI basically consists on a semitransparent plate with a 

clear pinhole, as shown in Fig.2. 

When a light beam reaches the plate, a spherical reference 

wave is produced by diffraction at the clear pinhole while the 

rest of the beam passes through the plate without any change 

in phase because of its thickness which is smaller than the 

coherence distance of the laser source used. If the size of the 

pinhole and the transmittance of the plate are chosen in such a 

way that both beams have similar amplitude, well contrasted 

fringes will be observed in any plane placed after the plate [6]. 

 

 
FIG. 1: Schematic of a Shack-Hartmann wavefront sensor when 

an aberrated wavefront reaches the microlens array. 

 

 
FIG. 2: Basic principle of a PDI. 
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II. THEORY 

Knowing the geometrical (curvature radii) and optical 

(refractive index) parameters of the components that compose 

an optical system it is possible to determinate the position and 

the size of the image of an object seen through this optical 

system [7, 8]. 

If the optical system has revolution symmetry and the 

conditions of paraxial optics are respected, it is possible to 

obtain a perfect optical representation between pairs of points. 

These conditions are very restricted in real optical systems, 

and then the image starts to present some defects that are 

known as optical aberrations (or geometrical aberrations). As 

a general idea, geometrical aberration could be defined as the 

deviation that a wavefront experiments at the exit pupil (EP) 

respect the ideal wavefront. When the conditions are fitted, the 

ideal wavefront is spherical. 

As could be found in bibliography [8, 9, 10], the wavefront 

aberration function 𝑊(𝜌 , 𝜃) of an optical system could be 

expressed as a function of a complete1 set of polynomials. 

There are many sets of polynomials that fit these properties, 

but there is one that is very useful and commonly used in the 

study of optical systems, introduced by Fritz Zernike in 1934. 

Zernike polynomials, expressed in polar coordinates (𝜌 and 

𝜃) are orthogonal in the unit circle. This is a very useful 

property because it means that excluding any term of the 

expansion it would not modify the adjustment between the 

analytical expression of WA and the real aberrated wavefront. 

So, using the Zernike polynomials the WA, 𝑊(𝜌 , 𝜃) could be 

written as [8]: 

 𝑊(𝜌 ,𝜃) = ∑ ∑ 𝐶𝑛𝑚

𝑛

𝑚=0

∞

n=0

𝑍𝑛
𝑚(𝜌, 𝜃) (1)  

Where 𝐶𝑛𝑚 corresponds to the Zernike coefficient, or term, 

and 𝑍𝑛
𝑚(𝜌, 𝜃) is the corresponding function of the polynomial 

expansions. In order to present the corresponding aberration 

associated of these polynomial terms, some of them are 

presented in Table I. 

 

Zernike 

Term 

Zernike 

Polynomial 

Aberration Name 

3 √3(2𝜌2 − 1) Power (defocus) 

4 √6𝜌 2 cos 2𝜃 Astigmatism at 0º 

5 √6𝜌 2sin 2𝜃 Astigmatism at 45º 

6 √8(3𝜌3 − 2𝜌)cos 𝜃 Coma at 0º 

7 √8(3𝜌 3 − 2𝜌) sin 𝜃 Coma at 45º 

TABLE I: Some of the most relevant Zernike coefficients and 
their name referred to optical aberrations. Notation according with 

[9]. 

 

All these coefficients are calculated in the first method by 

the software provided by the manufacturer of the SH sensor 

and also calculated by the second method using the 

information provided by the image processing of the fringes 

obtained with the PDI. More details are explained in the next 

section.As mentioned before, the aim of this work is to 

compare the PDI and SH wavefront sensor measurements for 

                                                                 
1 The word complete indicates that every continuous 

function could be expressed as a combination of the 

functions of the set. 

a meniscus lens. A good test to measure the difference between 

the WA and the theoretical wavefront is the root-mean square, 

RMS, of the wavefront computed in terms of the Zernike 

expansions using this expression [9]: 

 𝑅𝑀𝑆 = (∑ 𝐶𝑗

𝑁

𝑗=4

)

1

2

 (2) 

Where 𝑁 is the number of the coeficients used in the 

expansion and 𝑗 is an index that considers 𝑛 and 𝑚. The 𝑗 index 

starts on 4 because the first 3 terms (0, 1 and 2) are the pseudo-

aberrations of piston and tilts which have no relevant 

information about WA [1, 9], and the fourth term represents 

the defocus aberration [1], that it cannot be used to compare 

PDI with SH. The reason to remove defocus from the 

expansion and the RMS analysis is because both techniques 

used in this work provided different defocus Zernike terms due 

to their different nature. If the total difference in RMS between 

both techniques is close to zero that will mean that they are 

comparable methods. 

Another way to compare both techniques consists in 

analysing the similitude of the corresponding Point-Spread 

Function (PSF) obtained by each method at a certain plane. 

Using Fresnel diffraction framework, the complex amplitude 

of the PSF, ℎ(𝑥, 𝑦, 𝑧), is defined and calculated as [7, 11]: 

ℎ(𝑥, 𝑦, 𝑧) ∝
1

𝜆𝑧
∫ exp[𝑖𝑘𝑊(𝑥0,𝑦0

)]

𝐸𝑃

· exp [−𝑖𝑘
Δ𝑧

2𝑧2
(𝑥0

2 + 𝑦0
2)]

· exp [−𝑖
𝑘

𝑧
(𝑥𝑥0 + 𝑦𝑦0

)] 𝑑𝑥0𝑑𝑦0  

(3) 

  

Where 𝑊(𝑥0,𝑦0
) is the WA at the exit pupil EP, which has 

the coordinates (𝑥0 ,𝑦0
) normalized at its edge, and 𝑘 is the 

wavenumber, defined as: 𝑘 = 2𝜋/𝜆. The second exponential 

term provides information of defocus Δ𝑧 in the observation 

plane, and the last exponential is just the Fourier transform 

kernel [7]. It is possible to measure the WA in another plane 

and then use this framework to retro-propagate the PSF 

through 𝑧-axis [2, 3]. This is the application that is used in this 

work to evaluate the PSF close to the focal plane of the 

instrument analysed using the measures at a certain plane 

beyond the focal position. As it would be seen beyond, the so-

called spherical aberration is dominant at those points. 

Moreover, convolving the PSF with an image it is possible 

to simulate how a real image could be seen through the optical 

system under study [2, 7, 11]. Mathematically expressed: 

 

 

Where 𝑓𝑖 (𝑥, 𝑦, 𝑧) is the simulated image (i.e, the intensity 

pattern in an observation plane at a distance z from the EP 

plane) and 𝑓𝑔 (𝑥, 𝑦) is the geometrical perfect image. 

 

𝑓𝑖
(𝑥, 𝑦, 𝑧) = ∫ 𝑓𝑔

(𝑥 ′ , 𝑦′) · 

· |ℎ(𝑥 − 𝑥 ′ , 𝑦 − 𝑦′, 𝑧)|2𝑑𝑥 ′𝑑𝑦′ = 

= 𝑓𝑔
(𝑥, 𝑦) ∗ |ℎ(𝑥 ,𝑦, 𝑧)|2 

 

 

(4) 
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III. EXPERIMENTAL SETUP 

The system under test was a meniscus lens whose 

geometrical and optical properties are shown in Table II. A 

simple scheme of the lens is shown in Fig. 3. 

 The basic experimental setup consists on an He-Ne laser 

(λ=633 nm) as a source (S), an achromatic doublet AC508-

500-A-ML BBAR COATING 400-700 nm with a focal length 

of 500 mm from Thor Labs working as a collimator (C) and 

our meniscus lens (L) in an optical bench. 

 

TABLE II: Optical and geometrical parameters of the meniscus 

lens under test: n is the refractive index, R1 and R2 are the curvature 
radii, and e is the thickness of the lens. The nomenclature is the same 

presented in Fig. 3. 

 
FIG. 3: Scheme of the meniscus lens under test .  

 

The semitransparent plate of the PDI that I used in this 

work was made by coating a glass substrate with Cr. The 

optical density was 2.5 and the pinhole diameter was 15 μm. 

The SH device used in this work was a HASO32TM from 

the Imagine Optics Company. The microlenses array consists 

on 32x32 microlenses and a 512x512 píxels CCD sensor. 

 

In order to compare both techniques described before, it 

was important to the observation plane and the pupil size was 

the same for both techniques measurements. So I developed 

some laboratory tools and procedures to respects this 

conditions and obtain the same experimental conditions for 

each measurement. This consists basically in making the CCD 

plane of the SH the same of the screen of the PDI. A scheme 

of the experimental setup using both techniques is shown in 

Fig.4. 

In order to compare and evaluate both techniques it is 

rigorously necessary to maintain the same observation plane 

and the same pupil size. Thus means that Zernike coefficients 

would be computed at the same pupil radii, i.e. we were 

measuring the same WA using both techniques. 

So, for an observation plane defined by the best operation 

configuration for the PDI, i.e. the plane that provides the 

higher number of fringes in the interferogram with the best 

contrast, some captures of the interferograms are taken. Then, 

the PDI configuration (see Fig.4. a)) is replaced by the SH 

wavefront sensor and a measure with this instrument is taken. 

                                                                 
2 Atmosfringe is an interferogram analysis software written 

by Massimo Riccardi, as can be seen in [12]. 

For the image processing of the interferograms the 

Atmosfringe2 [12] software is used. Placing a circumference 

with the SH pupil measured radii in the interference picture, 

the software could reconstruct the wavefront measured at the 

observation plane tracing isophase curves. Then, Zernike 

coefficients are computed and the reconstructed wavefront 

could be compared with the one provided by the SH wavefront 

sensor. 

FIG. 4: Dual experimental setup used in this work. a) 

Schematization of the configuration for the analysis using SH 
wavefront sensor. From left to right: He-Ne source (S) with an optical 

fibre to fit the setup, collimator system (C), lens under test (L) and 

Shack-Hartmann wavefront sensor (SH). b) Schematization of the 

setup using the PDI. As it can be seen, for this schematic there are the 

same components but the SH is replaced in order to use the PDI, a 
screen to project the interferogram and a CCD camera to record this 

interferogram. The observation plane of the screen is the same as the 

focal plane of SH wavefront sensor. 

 

In order to record the experimental PSF to compare it with 

the PSFs calculated using (3) and experimental data provided 

by two WA measurements, a CCD camera with an objective 

optically conjugated with the meniscus lens was placed in the 

optical bench. So that was the way to obtain the real PSF. 

For a validation of the SH measurements a simulation 

using ZEMAX3 was done, using the parameters presented in 

Table II and the same observation plane used in the 

experimental procedure. 

IV. RESULTS 

Fig. 5., shows the wavefront reconstructed at the 

observation plane using Zernike coefficients obtained for both 

techniques in the laboratory. A visual inspection shows that the 

WAs provided by both techniques look similar. Moreover, the 

PSFs closed to the focal plane obtained by both techniques 

using equation (3) agree with the PSF experimentally as Fig. 

6. shows. 

The comparison shows that both techniques provide 

similar results. In particular, the resulting difference RMS 

between (from 4th to 24th order in the expansion) was 0.08 μm.  

To appreciate the similarity of the reconstructed 

wavefronts, a computational experiment was though: convolve 

the calculated PSFs with a perfect image to be able to evaluate 

how the aberrations of the system affects the image formation. 

To do this, Lenna’s image in grey colour of 512x512 pixels  

3 ZEMAX is a registered trademark of ZEMAX 

Development Corporation for optical system analysis. 

n R1 (mm) R2 (mm) e (mm) 

1.5151 59.0 128.9 5.4 
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was used. Fig. 7. shows the convolution of SH and PDI PSF’s  

presented in Fig. 6. with Lenna. It is clear that the resulting 

image is practically the same. 

FIG. 5: Wavefront reconstructed using SH (left) and PDI (right) 

data. The simulations were done using SH defocus measurements. 

Tilts were always excluded.  

FIG. 6: From left to right: SH, PDI and experimental PSFs. The 
diameter of the PSF is among 15 μm. 

 

The last result of the analysis is the comparison of the 

evolution of the PSFs along z-axis for both methods. This 

study is illustrated in Fig. 8. As it was supposed, the so-called 

spherical aberration is dominant in the points corresponding to 

the planes perpendicular to z-axis considered in this study. 

FIG. 7: From left to right: reference, convolved with PSF from 
SH data and convolved from PDI data Lenna’s image. It is clear that 

both simulated images looks very similar with the same distortion. 

 

FIG. 8: Retropropagation of WA’s PSF in the vicinities of the 

focal plane for SH (first row) and PDI (second row) measurements. 

Third row shows the experimental PSF at the same set of planes 

captured in the laboratory using the CCD camera. A visual inspection 

shows that both techniques agree. Three collections of PSFs presents 
the same behavior. 

V. DISCUSSION 

As was mentioned before, both techniques are 

operationally different, and each one presents advantages and 

disadvantages respect the other. 

On the one hand, PDI is a very simple technique and, from 

an interferometric point of view is an attractive device since it 

is composed by one simple optical element. The interference 

pattern provided by PDI can be easily interpreted as the phase 

aberration of the wave, plus some small amount of defocus and 

tilt in case the pinhole is not correctly placed at focus. This 

technique permits the direct visualization of the constant phase 

fringes. However, the computation of the WA requires 

postprocessing of the images from manual tracking dark 

fringes using [12], with the accuracy limitations that a manual 

procedure implies. 

On the other hand, SH wavefront sensor is a well-known, 

widely and commonly used device in ocular, astronomical and 

optical testing applications. Unlike the PDI, the analysis to 

obtain WA can be done in real time, which allows easy 

experimental alignment. However, since details of the WA 

were smaller than microlenses size, leading to the loss of some 

maybe relevant details which a well-designed PDI could 

detect. 

A clearly difference between my study and [1] is that I 

measured the WA at a certain plane on z-axis while Bueno et 

al. measured it on the EP of the system under test. Since the 

retropropagation was clearly demonstrated in bibliographic [2, 

3] and also in this work I can conclude that measuring the WA 

at the EP or measuring it at a certain plane and then 

retropropagate it to the EP will provide comparable results. 

Experimental evaluation of this idea could be a future study 

using an experimental configuration combining the one 

proposed by Bueno et al. and mine. This means that a future 

work will consist on making a set-up using a very-well 

corrected optical system conjugated with the meniscus lens 

used, in order to obtain the image of the EP at the observation 

plane and then study the WA using both techniques described 

and used in this work. More than this, we want to demonstrate 

that propagating the WA from EP to the observation plane or 

to retropropagate the WA from the observation plan to the EP 

plane will be the same. A more strongly demonstration of the 

equivalence of both techniques will be obtained to prove this  

idea. 

VI. CONCLUSIONS 

In this work, I have demonstrated the equivalence of two 

different and complementary techniques for measuring the 

WA of real focusing systems, such are ophthalmic lenses like 

the one used in this study. As was mentioned before, this  

equivalence for phase plates was reported in 2010 by Bueno et 

al. [1], but not in the case of real and focusing systems. 

So, despite advantages and disadvantages  and differences 

between these two techniques, the results obtained with both 

procedures are comparable. The results provide the same 

information within the experimental error. This means that 

both techniques are complementary and can be combined and 

used simultaneously. This is so relevant on the study of 

aberration and can be an interesting dual-tool in fields like the 

study of noisy wavefronts, because obtaining different 

information of the WA by each technique will complete the 
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knowledge about the wavefront provided by the other 

technique.  

Results and techniques evolved on this study could be used 

in different research areas in Optics and Photonics Group , 

such as the study of noisy wavefronts provided by biological 

systems like fishes lenses [5], correction of aberrations in an 

optical tweezers device [4] or,  maybe on the study of the effect 

of aberrations on the generation of highly focused beams. 

Many years ago, one of the research topics of Optics and 

Photonics Group was the design of optical correlators and, as 

can be seen in [8] the study of aberrations of the diffractive 

system of the correlator was an interesting field in this area. 

Using the techniques and tools developed here, it could be 

interesting to analyse the aberrations in a Joint-Transform 

Correlator (JTC) [8] and, using wavefront coding [11, 13] 

correct those aberration so the correlation product would be 

improved.  
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