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ABSTRACT 

This work examines a novel method of dynamic single frame interferometry.  In 

this dynamic approach to phase shifting measurements, steps are taken to combat 

performance degradation due to environmental factors such as air turbulence and 

vibration.  We explore the system functionality and performance, and examine some of 

the limiting factors using this technique such as effects due to imperfect system 

components, irradiance variations and sensitivity of the instrument accuracy based on 

calculation methodology.  We present the errors associated with these various aspects of 

the system and show the majority cause phase calculation errors less than 0.005λ P-V to 

the calculated wavefront.  This new approach involves the placement of a micropolarizer 

phase-shifting array directly onto a CCD camera which allows the construction of a 

dynamic single frame interferometric system.  Hardware and manufacturing preparations 

such as inspection, positioning and alignment are discussed.  Experimental results of 

system performance are combined with mathematical simulations to provide a 

performance baseline.  We present experimental results showing the effects of averaging 

on measurement data, which results in a reduction of fringe print-through errors 

associated with a combination of many of the system error sources. 
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CHAPTER 1: INTRODUCTION 

Phase-shifting interferometry (PSI) was introduced nearly 40 years ago to 

measure optically smooth surfaces1.  In phase-shifting interferometry a series of known 

phase shifts is imparted to the reference beam from a reference surface.  This reference 

wavefront is then interfered with a test wavefront from an optical system, lens, mirror or 

other test part and the resulting interferograms are analyzed to calculate the phase of the 

test wavefront.  This method of optical testing is ubiquitous in optics manufacturing and 

other areas of precision metrology, such as computer hard disk manufacture and the 

semiconductor industries2-4.  Knowledge of the wavefront phase to reconstruct the 

geometry of the surface under test is usually the main goal of interferometric metrology.  

There are fundamental limitations inherent to phase-shifting techniques5.  Because 

interferograms are acquired in a time sequential manner over a course of a hundred 

milliseconds to several seconds, measurements are often corrupted by vibrations and air 

turbulence.  The interferometer cannot distinguish true test wavefront phase from phase 

due to changes in vibration or air turbulence states.  Spurious changes due to vibration 

appear in the measurement inseparable from real data, causing the test surface figure to 

be measured with error6.   

This fundamental difficulty with conventional phase shifting interferometry 

brought about research into a newer type of phase-shifting interferometry, Dynamic 

Phase-Shifting Interferometry (DPSI).  There has been active research over the last two 

decades in this area7-14.  In DPSI, all the phase-shifted data is collected in a single 

exposure in order to minimize time-varying environmental effects.  Since the data are 
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collected simultaneously, the effects of vibration and turbulence are greatly reduced.   

Since the irradiance values are captured simultaneously, time-varying environmental 

factors impart changes that are similar for each channel during the course of data 

collection.  Several methods have been developed for dynamic interferometry, these 

techniques are inherently insensitive to vibration and turbulence.  The goal of this 

research is to explore the limitations in DPSI based on a pixelated polarizer phase-

shifting mask to understand the technology and applications enabled by DPSI.  Several 

DPSI techniques will be described, including current state-of-the-art systems.  The 

systems will be explained in concept and their fundamental advantages and limitations 

will be discussed. 

The current state of the art and the main subject for this dissertation is built 

around a pixel level phase shifting concept, which is inherently wavelength insensitive.  

Because of this, the method enables the use of broadband sources such as low coherence 

laser diodes or white light.  Interference data is collected all at once instead of in a time-

sequential manner, while either the part under test or a measurement head are scanned 

over small path length changes to create a surface measurement in applications such as 

profilometry.  Surface profilometry with a broadband source could not be easily achieved 

in a simultaneous measurement form before the introduction of this type of wavelength 

insensitive approach.  Because the instruments had wavelength dependent components 

such as diffraction gratings or holographic optical elements, inherent wavelength 

dependence in the measurements caused inaccuracies due to the variations in optical 

performance.   
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It is beneficial to explore and understand this new pixel level technique from both 

a theoretical and experimental viewpoint, to provide a sound basis for use in future 

instruments.  Some notable DPSI systems will now be described.  Several commercial 

interferometric metrology systems based on these techniques have been developed, a few 

of which will be presented here.   

The first DPSI method described are based on a technique which has been termed 

a “spatial carrier technique”15.  In this method, a series of tilt fringes are purposely 

introduced to the data with known spatial frequency and orientation.  Fourier or time 

domain methods are then used to extract the test optic data from a single shot 

interferogram.  A form of this spatial carrier technique is used in the Carl Zeiss Direct 

100 interferometer16, for example.  One limitation imposed by this approach is the 

allowable wavefront slope that can be detected given the minimum slope needed for data 

reconstruction.  Also, the optical system involved must be able to handle the tilted 

wavefronts without adding introducing too much retrace error since the interferometer is 

no longer functioning as a common path instrument.  Although the Direct 100 

interferometer is a highly accurate instrument, the constraints on the optics and the large 

reference flat make it prohibitively expensive in most cases. 

Another system developed for dynamic interferometry is the Simultaneous Phase 

Shift Interferometer (SPSI)13.  In the SPSI system, simultaneous data collection is 

achieved via four equivalent calibrated CCD arrays to make four irradiance 

measurements simultaneously.  Averaging can be performed in order to minimize the 

effects of air turbulence, provided that it is random turbulence.    This technique has been 
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demonstrated successfully but it is subject to stringent optical requirements.  The system 

is shown below in Figure 1-117. 

 

 

FIGURE 1-1:  SIMULTANEOUS PHASE SHIFT INTERFEROMETER 
SCHEMATIC CONCEPT 

 

The sub-pixel alignment between cameras is difficult to achieve and maintain, 

coherent noise effects are a major problem and detector differences must be carefully 

calibrated in order to distinguish between differences in irradiance due to camera 

response and actual phase information.   High output laser power is required in order to 

compensate for loss of optical power due to splitting the beam onto four measurement 

paths.  Any common path errors that would normally be inconsequential now compound 

the error.  For example, slight variations in the polarizing beam splitter coatings or the 

coatings for anti-reflection on the lens elements in each arm now add to measurement 

inaccuracy, instead of canceling due to commonality to both the test and reference beams. 
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Recently, the PhaseCam™ interferometer has been introduced18.  In this 

instrument, the phase-shifts are created using orthogonally polarized reference and test 

beams.  A polarization beam splitter cube (PBS) divides the reference and test wavefront 

in a Twyman-Green interferometer configuration, and the orthogonal polarization states 

are sent to the two arms of the interferometer.  These two orthogonal states are then 

combined and transmit through a holographic element which splits the beam into four 

spatially separated beams with equal irradiance.  Each of the beams is then projected 

through a birefringent mask, shifting the phase between the test and reference wavefronts 

by 0°, 90°, 180°, and 270°.  The four beams are analyzed by a 45° linear polarizer.   In 

the same polarization state they can interfere to provide four different interferograms 

captured simultaneously on one CCD sensor.  The system and phase shifting 

methodology are shown below in Figure 1-2. 
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FIGURE 1-2:  PHASECAM™ INTERFEROMETER SCHEMATIC DIAGRAM 
COURTESY 4D TECHNOLOGY, INC. 

 

 This technique is accurate and eliminates sensitivity to vibration. Interferogram 

averaging virtually eliminates air turbulence effects.  A limitation of this system is the 

small working aperture; the instrument is most applicable to situations where a diverging 

optic will be used to expand the test wavefront to a large radius of curvature mirror or 

other optic, so ordinarily the aperture size is not a constraining factor. 

All of the methods mentioned so far depend on a long coherence length source in 

order to make measurements.  A motivating factor for the use of short coherence length 

light is reduced noise.  True real time phase-shifting interferometry should have wide-
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spread applications in manufacturing and assembly environments which are not well 

controlled and good measurement conditions are nearly impossible to obtain. 

 In this research, a novel use of a CCD level technology will be explored as an 

enabling technology.  This technique has merit because of inherent error insensitivity, it 

enables compact camera sized instruments, and provides a method to perform 

simultaneous measurements in white light.  The use of a micropolarizer array as a phase-

shifter is explored for real time interferometry, with examination of the theory of 

operation, sources of error, and experimental performance.  This work is focused on a 

micropolarizer array in a grid of 9.0 μm square pixels with 150nm pitch wire-grid 

polarizers in different orientations.  Other geometries for the pixels can be arranged, the 

experiments and analysis in this work concentrate on this geometry.  The mask is bonded 

to the CCD camera sensor, at close proximity. The system is shown in Figure 1-3.   
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FIGURE 1-3:  MICROPOLARIZER PHASE-SHIFTING ARRAY CONCEPT 
 

  In order to answer performance limitation questions, research into various areas 

of the instrument function is presented.  Theory of the phase measurement technique is 

described, calculation errors are simulated and relative magnitude of various errors due to 

diffraction, mask placement and imperfect optical components are estimated. Some 

manufacturing issues are briefly discussed, along with fabrication errors such as pixel 

registration errors and polarizer defects.  Misalignment of the wiregrids, polarizer angular 

orientation errors, and some data showing the effects of averaging and high speed data 

acquisition will be presented. 
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CHAPTER 2: SIMULATION AND MATH MODELING 

2.1 DYNAMIC PHASE-SHIFTING INTERFEROMETRY 
 

In order to begin, we present the basic mathematics of dynamic phase-shifting 

(DPSI).  The accuracy and measurement repeatability inherent in time-dependent PSI are 

also in theory available in DPSI, with a significant added benefit.  The elegance of the 

technique lies inherently with the collection of all the phase-shifted data in one camera 

frame, effectively freezing vibrations and turbulence to a large extent.  There are, as 

mentioned, different methods useful for implementation of this technique. Some of these 

methods present advantages over other techniques, while others may have inherent 

limitations to wavefront measuring capability.  Despite these differences, in each case the 

basic equations to consider follow from the physics of two-beam interference and more 

specifically the calculation of the amplitude of the interfering light as the sum of the 

reference and test fields.  This is also true in the case of pixelated mask DPSI.  For more 

detail, see a traditional description of electromagnetic theory, regarding coherent addition 

of electromagnetic fields.19  A general form for an amplitude and phase representation of 

fields with amplitude denoted by the symbol U with appropriate description-based 

subscripts is  
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From Equation 2.1, we see that the total field is seen to be the sum of the 

reference and test beam amplitudes, including the effects of phase.  The irradiance at the 

point of field summation is then given simply by calculating the modulus squared value 

of the field amplitude.  The irradiance is thus 

 

 

*
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=
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When the irradiance at a detector point is calculated in this manner, all that 

remains in order to make a phase-shifting measurement is to impart a variable phase-shift 

between the two beams under examination, preferably with a known value of phase 

increment.  The phase of the test beam may then be calculated using standard techniques 

described in the literature2,20.  If the phase-shift increment is known (at least in theory), 

calculations can be made in order to solve for the unknown phase of the test wavefront 

and in turn the properties of the surface may be understood.  PSI limitations previously 

were experienced because of vibration and consequent movement of the fringe irradiance 

pattern at the detector plane5,6.  DPSI in essence mitigates these limitations by obtaining 

all phase-shifted data at the same point in time.  As long as the camera frame rate is much 

higher than the frequency of ambient vibrations, the effects are essentially frozen in time.  
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As in conventional PSI, the tangent of the test beam phase in DPSI is calculated from at 

minimum three irradiance values2.  For the analyses in this dissertation, the four step 

method of calculation will be the main focus.  Let us examine the phase calculation (see, 

for example, Malacara20) 

  

 0 180

90 270

[ ]test

I I
Tan

I I
ϕ

−
=

−
. (2.3) 

 

From the irradiance values obtained via a given measurement, the phase of the 

test beam may be extracted using Equation 2.3.  The irradiance values corresponding to 

phase shifts of 90º increments are found, and then a resulting tangent of the phase is 

determined.  There exists the possibility for phase ambiguity, due to the modulo 2π nature 

of the arctangent function17, so this must be accounted for in the data processing.  When 

the phase is calculated, integer multiples of 2π must be added to the calculated value in 

order to produce a smoothly varying reproduction of the test phase.  This is called phase 

unwrapping17.  Depending on the slope of the wavefront at the point of the measurement, 

different integer numbers of 2π will be needed to correct for the ambiguity.  This insures 

the calculation of a continuous and smoothly varying wavefront phase for test parts 

whose surface would be expected to produce such a result.  When there are pits, 

discontinuities, or other figure problems with the surface under test, there will likely be 

errors associated with calculations from pixels in the vicinity of these defects. 
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2.2  MICROPOLARIZER PHASE-SHIFTING ARRAY 
 

The mechanics of DPSI using the micropolarizer phase-shifting array will now be 

explained.  We will describe the nature of the system by which the 90º phase shifts are 

created.  Clever use of polarization and retardance is made in order to accomplish the 

goal of four equally spaced phase shifts.  In the case at hand, the reference and test beams 

are set into orthogonally polarized linear polarization states, and then passed through an 

appropriately oriented quarter wave retarder (QWP) to create orthogonal circular states. 

The test beam is left circularly polarized and the reference is right circularly polarized 

(for a review of polarization states and as well of the mathematics used to make 

calculations for amplitude and phase of light, please see Goldstein21, for example, where 

a general description of the Jones calculus and also polarized light is provided).    It is 

this orthogonal polarization relationship that allows the phase shift in pixelated 

interferometry to occur.  It has been shown22 that a linear polarizer rotating in a circular 

polarized beam will produce a linear phase-shift of the incident light.  This effect is used 

to provide a relative phase shift between the two orthogonally polarized beams produced 

as mentioned above.  This type of pixelated micropolarizer phase-shifting array may be 

constructed using sheet polarizers or some other polarization method.  In this case, 

wiregrid polarizers are utilized.  These wiregrids consist of 150nm grooves which 

function as linear polarizers in four different orientations.  These wiregrids are replicated 

over a square or rectangular array and are replicated over the entire extent of the CCD 

chip used in the interferometer.  Each of the four orientations are replicated in a grid of 
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2x2 pixels, this grid is called a superpixel for simplicity and is the basis for the phase 

shifting calculation in this method of DPSI.  Micropolarizer phase-shifting arrays in 

dimensions of 640x480, 1024x1024 and 2048x2048 have been fabricated.  The difficulty 

in using sheet polarizers in this type of arrangement stems from the small physical extent 

of the pixels of the CCD.  This motivated the use of the more process intensive wiregrid 

polarizers.  The processes of microlithography are used in the creation of the small 

structure wiregrids in this case.   

  The superpixels as described above form the basis for the phase calculation in 

DPSI, where the irradiance at the points in each superpixel corresponds to the irradiance 

of 0°, 90°, 180°, and 270° relative phase shift between the reference and test beams in the 

interferometer.  The phase shift is enabled by the orthogonal incident polarization states 

of the reference and test beams, incident upon linear polarizers oriented at different axis 

angles.  The different angles for the wiregrids can be seen below in Figure 2-1.  The 

figure shows the form for a 2x2 superpixel in a SEM micrograph. 
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FIGURE 2-1:  SEM MICROGRAPH OF PHASEMASK SUPERPIXEL 
 

This type of polarization element has been used previously in the measurement of 

polarization states and in imaging polarimetry23,24, but until now has not been used in 

optical metrology.  We now present the use of this wiregrid array structure for phase 

shifting interferometry, as a novel approach to DPSI.  In order to begin this presentation, 

a discussion of the mathematics necessary for such measurements to be made will be 

given. 
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2.3 GRID-BASED PHASE CALCULATIONS 
  

A presentation of the mathematics of phase calculation for a pixelated 

interferometer system and some of the errors associated with the methods presented here 

will be made in order to support the simulations presented later in this chapter.  The 

phase calculations are made dependent upon the orientation of the pixels within the mask 

itself, and take into consideration the orientation of the polarizers and the mask physical 

characteristics to determine the relative phase shift and consequently the calculation of 

the test beam phase via the arctangent operation.  In order to compare the phase 

measurement performance for the two configurations under examination, some 

mathematical analysis for different cases has been carried out.  In the first case, hereafter 

known as the circular phase shift case, the pixelated mask is set up with the 180° out-of-

phase pixels diagonally displaced from one another.  The term circular is used to refer to 

the fact that when examining each pixel in turn through a clockwise circle, the phase shift 

increases by 90º for each step through the set of pixels.   The superpixel shown in the 

SEM in Figure 2-1 is arranged in the circular case since the polarizers oriented 90° apart 

are in opposite corners (90° orientation difference corresponds to a 180° phase shift, due 

to 2θ dependence of phase shift on polarizer orientation). In the second case, which we 

refer to as the stacked arrangement, the pixels which are out of phase by 180° are directly 

above one another in the mask geometry.  In simple terms, they are ‘stacked’ one on top 

of the other.  This difference between the two types of masks is shown in Figure 2-2. 
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 FIGURE 2-2:  RELATIVE PHASE SHIFT PRODUCED VIA STACKED AND 
CIRCULAR SUPERPIXEL ARRANGEMENTS 

 

 These phase shifts are obtained, as was stated earlier, because of the orthogonal 

polarized nature of the incident fields as the reference and test beams.  The irradiance 

resulting from interference of right and left hand circular polarized light through a linear 

polarizer22 is given as 

 ( )( )1( , ) 2 cos ( , ) 2
2 r s r s pI x y I I I I x yφ α= + + Δ + . (2.4) 

The subscripts r and s denote reference and sample irradiances, and αp is the angle of the 

linear polarizer with respect to the X axis. The right and left hand circular polarized light 

pass through the polarizer and experience a phase shift related to this polarizer axis angle.  

Figure 2-3 shows one generalized case for the resulting output field amplitude for right 

and left hand circular polarization states passing through a linear polarizer oriented at 

angle α25. 



 31

 

FIGURE 2-3:  LINEAR POLARIZER INDUCES PHASE SHIFT BETWEEN 
RHC AND LHC POLARIZED LIGHT 

 

Using this phase-shifting mechanism, it becomes clear that since the phase shift is 

dependent on twice the polarizer angle, one can implement 90°, 180° and 270° phase 

shifts by placing linear polarizers at angles of 45°, 90° and 135° respectively in the path 

of the right and left hand circular reference and test beams for the interferometer.  The 

portions of the beams that experience no relative phase shift are passed through 

horizontal linear polarizers at regular intervals on the CCD camera, depending on the 

choice of phase calculation methodology. 

These phase shifts will induce a change to the irradiance contained in the total 

field at each pixel after interference. Figures 2-4A and 2-4B show the irradiance values at 

each sub-pixel in the form of trigonometric functions of the phase of the test beam.  It is 

from this form of the irradiance values that we make the calculation of the tangent of the 

test phase. 
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FIGURE 2-4A:  CIRCULAR SUPERPIXEL IRRADIANCE VALUES IN 
MATHEMATICAL FORM 

 

 

FIGURE 2-4B:  STACKED SUPERPIXEL IRRADIANCE VALUES IN 
MATHEMATICAL FORM 

 

There arises the question as to which of these pixel arrangements will provide the 

best overall performance for measurement of phase?  These arrangements may be 
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extended to a general case of NxN pixels, however the present work concentrates on 2x2 

and 3x3 cases which coincide with the calculation methods used in working instruments.  

These calculation grid sizes are small enough that assumptions about the phase of the test 

wavefront are still nominally valid over the extent of the grid.  The modeling presented 

next explores the performance of these two pixelated mask types with respect to phase 

calculations and as well some of the issues associated with the CCD sensors used for the 

research.  Each of these models lends themselves to calculation of the phase via standard 

methods2,17,20.  The performance characteristics of each method will be explored in order 

to understand better which method will provide the best accuracy for phase calculation. 
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2.4 PHASE CALCULATION ERROR THEORY AND SIMULATION 
 

Next, the performance variations inherent in choosing a phase calculation based 

on the pixelated approach are explored via mathematical theory and simulation.  As 

discussed, there will be errors associated with the calculation of phase due to the fact that 

the test wavefront is sampled at a finite interval, limited by the pixel pitch of the CCD 

used for the interferometer.  Smaller pixels will yield higher spatial sampling of the 

wavefront and therefore higher slope tolerance.  This is due to the fact that a steeply 

varying wavefront will not change as rapidly over two small pixels as opposed to larger 

pixels, for example.  As a means to explore the effects of the different pixel orientations 

in a more realistic manner, we present both mathematical derivations from the basic 

equations familiar in phase shifting interferometry, as well as simulations to show the 

magnitude of errors expected from the calculation methodologies used.   

First, let us consider the irradiance expressions for each of the pixels in a 2x2 

grid, where there is a small error in the phase due to differences in test wavefront phase 

over the extent of the 2x2 superpixel.  Beginning with these fundamental equations for 

irradiance for an N-point phase calculation technique, we proceed to derive an expression 

of the calculated phase error in terms of the local pixel errors and the test wavefront 

phase.  Consider first a four point calculation case, with the general expressions for 

irradiance  
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,                                                      (2.5) 

These irradiance values will be used in the calculations in the ideal case for the stacked 

superpixel. 

It is important to note that these irradiance values are the ideal values associated 

with an error free system.  Since there is an error due to the fact that the phase is not 

exactly the same at the irradiance gathering points (the case at hand where the irradiance 

values are picked up from four spatially separated pixels in a 2x2 superpixel), we can add 

an error term in each case to the test wavefront phase.  Each error term εi is included as 

part of the angular argument for the sine and cosine functions in new irradiance 

expressions 
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, (2.6) 

 

where the Ii represent irradiance values on the CCD camera at a given pixel in a 2x2 grid 

calculation.  The terms represented by εi are error terms associated with the fact that the 

wavefront phase is not constant over any 2x2 grid of superpixels, like that shown in 
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Figure 2-4 above.  Next we will use these expressions for the irradiance to find the form 

of the error in phase.  Following equation 2.3 above, for the general form of the tangent 

of the phase of the test wavefront, we see that the tangent of phase with errors ε is still 

calculated in the standard way.  Consider 
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an expression for the tangent of the phase including error.  Here, Δ is the error in the 

phase overall, due to each step error for the 2x2 grid.  Through algebraic rearrangement 

of this expression one can arrive at a relationship between Δ and φ for specific ε terms.   

If we let 
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we can expand the sine and cosine terms as differences in angles to get relationships 

between the values of εi, functions with φ.  From these we derive Tan[Δ] which will 

ultimately lead to an expression for Δ in terms of the other variables.  The simplifying 

assumption that Δ is a small angle is made and is valid due to the fact that the error in 

phase is in the 10-2 order of magnitude range.  Continuing from equation 2.8 above to 

expand the trigonometric functions in angles, we arrive at  
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From equation 2.9 we can see the double frequency error components depending upon 

2φ.  This is a typical result in many instances in phase calculations made for phase 

shifting interferometry.  Equation 2.9 can be further simplified to produce a general 

expression for the error in calculated phase as a function of the small errors εi by 

considering expansions in series of the sine and cosine terms and keeping the lowest 

order members of these expressions, which yields 
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Using this expression, the error in the calculated phase can be found dependent upon the 

form of the incident test wavefront (aberrations in the incident test wavefront will dictate 

the form taken on by the εi’s in the expression for Δ in Equation 2.10).  As a specific 

example, consider tilt in the input wavefront, at an arbitrary orientation angle α, which 

measures the straight line fringe angle from the vertical axis looking at a 2x2 superpixel.  

The ε values are in this case are given by 
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where W111 is the wavefront expansion coefficient for tilt.  Using these values for the εi, 

the expression for the error in the phase calculation is then found as 

 

111 [ ] [2 ]Tilt W Cos Cosα ϕΔ = − .      (2.12)   

 

Similarly, an expression for the error in the 2x2 calculation for other specific aberrations 

may be derived using the general Equation 2.10 above and appropriate forms for the 
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values of ε for each of the pixels involved in the calculation.  These forms of ε will vary 

depending on the aberrations in the test beam, and in general will be complicated 

expressions combining more than just one specific aberration.  A simple expression for 

the phase resulting from defocus, is 

( ) ( )2 2
020, ( ) ( )o odefocus

x y W x x y yφ = − + − ,                      (2.13) 

 

with the coordinates x and y normalized relative to pixels on the CCD camera. The 

coordinate (xo,yo) is the locus of the center of the circular defocus fringe pattern.  The 

value of ε for the pixels involved in the calculation can be determined by calculation of 

the phase at the points for each pixel and comparing them to the center phase value (the 

phase value which is inherently assumed for all of the pixels involved in the calculation).   

Next, some specific simulations were devised to show the error dependence for 

the different calculation methods in response to a test wavefront with linearly varying 

phase (tilt).  The response of the algorithms to input linear phase variation was examined 

in order to determine the functional dependence of the error terms in the different 

calculation methods.  An input test wavefront with a known value of tilt with respect to 

the reference wavefront was modeled in order to understand the effects of higher fringe 

density on the calculation of phase.  Tilt was examined exclusively in this case because at 

a local level on the CCD (an area corresponding to 2x2 or 3x3 pixels), each aberration 

will cause fringes which will appear to be approximately straight line in nature, so the 

analysis is simplified by considering this case.  This is somewhat analogous to an ant 

standing on a basketball, and perceiving the ball to be flat.  In reality, the ball is steeply 
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curved on a global scale, however flat it appears on a smaller local level.  As a further 

illustration, imagine for example focus fringes, as described above. These fringes, 

although circular in nature when observed over an entire CCD area consisting of perhaps 

1024x1024 pixels, appear to be nearly straight-line fringes when examined at a local 2x2 

or 3x3 pixel locations on the CCD.  Because this is the case, we explore the calculation 

accuracy based on variation of test wavefront tilt.  The modeling presented here will 

show the sensitivity of the algorithms in order to demonstrate which calculation 

methodology can handle greater fringe density and which shows less sensitivity and 

calculation error in the presence of higher fringe densities.  Again, a more generalized 

wavefront aberration function could be used for this analysis, but the effects at a 2x2 or 

3x3 pixel level are well approximated by the linear error form as described above.  In 

addition, the results presented here have been verified independently via a more 

theoretical approach26.  

In the calculations, each 3x3 method of using superpixel data is similar to the 2x2 

grid, the major difference being the inclusion of the near-neighbors in the phase 

calculation and also consequent inclusion of weighting terms associated with the 

similarly shifted pixels in the 3x3 grid.  To illustrate, the mathematical form of the 3x3 

stacked grid used for the calculation in this case is shown in Figure 2-5.  These values 

represent the irradiance values present at each pixel, after interference between the 

reference and test beams of the interferometer.  Then, as data is measured at a given 

pixel, it has a specific location relative to the others in the phase calculation.  Figure 2-5 

shows the case where the 0° relative phase shift pixel is in the top row and in the center 
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of the 3x3 grid.  The position of this pixel within the grid, corresponding to 0º relative 

phase shift then sets the corresponding location of the other phase-shifted irradiance 

values involved the calculation.  Because the pixel locations in the micropolarizer phase-

shifting array are known, the relative phase shift value for each pixel is therefore known 

over the entire detector array.  These values can consequently be used to calculate the 

wavefront phase. 

 

 

 
FIGURE 2-5:  MATHEMATICAL REPRESENTATION OF 3X3 STACKED 

GRID IRRADIANCE FOR PHASE CALCULATION 
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The terms in this grid are weighted using an averaging technique, building up the 

average sine and cosine terms for the grid at the specific CCD location under 

examination.  This form of the pixelated mask orientation was used in a prototype 

instrument built in order to perform experimentation and analysis of this DPSI technique.  

The grid is repeated across the entire array of CCD pixels, and the corresponding 

irradiance values are then used to calculate the local phase of the wavefront based on 

these values.  This calculation was incorporated into commercially available software 

(4Sight™, available from 4D Technology) which was then used to analyze experimental 

measurements. The tangent of the phase at the center of this 3x3 grid is calculated as 
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Using Equation 2.14, the phase of the test wavefront at the center of the 3x3 grid 

can be determined to within a factor of 2πM, where M is an integer.  As previously 

stated, the weighting for each term comes from the number of times that it appears in the 

grid, in this case there are four sine terms, two minus sine terms, two cosine terms, and 

one central minus cosine term.  In a sense, one can imagine the calculation as finding the 

average sine term over the 3x3 grid, and then dividing it through by the average cosine 

term in order to obtain the tangent of the test wavefront phase.  Other weightings can be 

prescribed to the terms, we present this average method for simplicity.   
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When compared with the simpler 2x2 grid model, some advantages become 

apparent.  One benefit to this method of phase calculation is that the tangent of the phase 

is calculated at a pixel which corresponds to a true data point in the data array.  That is, 

each 3x3 grid provides a data point which is the tangent of the phase at the center pixel.  

In contrast, the 2x2 grid calculation provides the value of the phase at the effective center 

of the 2x2 grid, which is in between data points in actuality.  The 3x3 grid is therefore 

more conducive to simple data analysis and manipulation since the phase is calculated for 

an actual pixel, not simply at the intersection of four pixels forming a superpixel.  It will 

also become apparent that due to the nature of the 3x3 grid calculation and circular pixel 

arrangement, there is an inherent insensitivity to linear variations in irradiance.  This is 

advantageous from a calculation accuracy standpoint.    

Next, a comparison of sensitivity for the two different arrangements of both the 

2x2 and 3x3 superpixels is presented.  Each arrangement (stacked and circular) was 

examined for tilt sensitivity as a function of starting phase of the test wavefront, and plots 

of the error against this starting phase are shown in the figures below.  It is interesting to 

note that the errors in the stacked pixel arrangement are maximized when the wavefront 

phase varies vertically across the calculation grid, due to the fact that the error on one 

side is negative in sign and on the other side it is positive in sign.  These errors are 

essentially additive in this case, and therefore maximize the error for the calculation.  By 

similar reasoning, the circular arrangement of pixels is most susceptible to error when the 

orientation of the variation of the test wavefront phase is at 45° (or indeed also 135°) to 

the horizontal axis of the calculation grid.  Conversely, the stacked arrangement of pixels 
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returns the wavefront phase without error if there is phase variation only horizontally 

across the calculation grid, and the circular arrangement reproduces the phase without 

error when the phase variation is at right angles within the calculation grid (i.e., if the tilt 

is oriented in either of the two directions parallel to the axes of the calculation grid).    

Below in the figures plots for phase error as a function of test beam phase are shown.  

Note that in each case the plots are for the directions of maximum sensitivity to input 

phase variation. 

 

FIGURE 2-6:  CALCULATED PHASE ERROR VS. TILT (2X2 STACKED) 
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FIGURE 2-7:  CALCULATED PHASE ERROR VS. TILT (2X2 CIRCULAR) 
 

 

FIGURE 2-8:  CALCULATED PHASE ERROR VS. TILT (3X3 STACKED) 
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FIGURE 2-9:  CALCULATED PHASE ERROR VS. TILT (3X3 CIRCULAR) 
 

It is interesting to note the sinusoidal nature of the error terms.  Depending on the 

input wavefront starting phase, the error changes in magnitude.  This change is 

significant when both 2x2 and 3x3 stacked and circular cases are compared.  This phase 

dependent error is termed double-frequency error17 since two cycles occur over one 

period of wavefront phase, and it again fits with the derivation shown above which shows 

this dependence on the input wavefront phase.  It is clear from these figures that the 

performance of the 3x3 stacked superpixel calculation of phase can be expected to be 

approximately an order of magnitude worse than the phase values calculated using the 

circular approach.  This shows that the 3x3 circular method of phase calculation is 



 47

superior in comparison to the other methods.  Each of the  methods are subject to large 

errors at larger tilt magnitudes, which makes sense when one considers the higher fringe 

density with a constant sampling of the wavefront.  Based on the results of the modeling, 

without consideration of correction algorithms, the 3x3 circular superpixel ordering 

appears to have superior performance to the other calculation methodologies.  However, 

the correction algorithms and other factors must be considered when making a 

determination of the best calculation methodology.  It is, for example, of primary 

importance to note that this type of double-frequency error may be averaged through the 

collection of several frames of data in order to mitigate the effects on overall 

measurement accuracy. 

To conclude this section on sensitivity, we present data which shows the error 

dependence for each of the methods of phase calculation.  The 2x2 cases and 3x3 cases 

were examined for the change in maximum magnitude of error as a function of tilt to 

determine the functional dependence for each case.  Figures 2-10 through 2-13 below 

show the results of these simulations. 
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FIGURE 2-10:  2X2 STACKED ERROR VS. TILT (LINEAR DEPENDENCE) 
 

 

 

 

FIGURE 2-11:  2X2 CIRCULAR ERROR VS. TILT (QUADRATIC 
DEPENDENCE) 
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FIGURE 2-12:  3X3 STACKED ERROR VS. TILT (QUADRATIC 
DEPENDENCE) 

 

 

 

FIGURE 2-13:  3X3 CIRCULAR ERROR VS. TILT (QUARTIC 
DEPENDENCE) 

 

 These results demonstrate the functional dependence for each of the calculation 

methods for both 2x2 and 3x3 stacked and circular cases.  They have also been 

independently reproduced in a more theoretical manner at the University of Arizona26.  
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The fourth-power dependence for the 3x3 circular pixel arrangement shows why it is 

greatly superior in performance at low to moderate values of linear input phase variation 

and consequently insensitive to linear irradiance variation as well.  This is due to the low 

calculation error and the symmetric nature of the calculation about the center pixel of the 

grid. 
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2.5 EFFECTS OF CAMERA SMEAR 
 

The results of section 2.4 indicated that the mask orientation for the 3x3 circular 

phase calculations is the least sensitive to input wavefront tilt.  There are other factors 

that must be considered before deciding that this is the proper phase calculation 

methodology to follow for the pixelated approach to DPSI.  One of these factors is 

another effect inherent to the CCD sensors used for this research, and we will study it 

next.  The effect is called smear. 

The issue of smear relates to interline camera transfer and is termed as such due to 

the apparent smear of charge along a column or columns of pixels of the camera for a 

given point of irradiance27.  The effect is most troublesome when a point of high 

irradiance is surrounded by areas of no irradiance.  When this is the case, charge transfers 

along the columns above and below the high irradiance point, leaking into the areas of the 

camera where no light is actually incident.  This can be especially troublesome for phase 

calculations based on irradiance values at specific pixels in the CCD array, because the 

stray irradiance will enter into the phase as a varying error term along certain columns of 

the camera. 

In order to more fully understand the situation, a mathematical model was made 

in order to allow the examination of the effects of smear on the phase calculations made 

above in Section 2.4.  Because of its columnar nature, it is clear that smear will cause 

changes in irradiance for pixels neighboring each other vertically.  The smear can be a 

significant portion of the signal when there is a bright fringe on a column and then a 
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small amount of light on a neighboring column.  This leads to the trouble that irradiance 

which is due to smear is used in the phase calculation.  It is apparent then that the effect 

for the different phase calculation methods is likely to be different, based on the 

difference between pixels located vertically above one another in the superpixel grid.  

Dark pixels (locations of dark fringes in the irradiance pattern on the CCD) will be most 

adversely affected.  Three cases were examined using mathematical analysis in order to 

predict performance variations between the phase calculations and the peak to valley (P-

V) error to be expected when using these different configurations.  Cases involving the 

variation of the number of tilt fringes and no smear, variation of the number of tilt fringes 

and constant smear, and constant number of tilt fringes with varying smear were 

examined.  The smear values are reported as a percentage of the total irradiance at a pixel 

in the grid used for the phase calculation in order to understand the effects of this on the 

output phase.  Plots for each of these cases are shown in figure 2-14 below.   
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FIGURE 2-14A:  CIRCULAR AND STACKED PHASE ERROR NO SMEAR 
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FIGURE 2-14B:  CIRCULAR AND STACKED PHASE ERROR 10% SMEAR 
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FIGURE 2-14C:  CIRCULAR AND STACKED PHASE ERROR VS. SMEAR 
FOR CONSTANT TILT 

 

It is clear that without smear, the circular pixel arrangement yields better phase 

calculation performance for all values of tilt, and that at larger values of tilt the circular 

algorithm performance is significantly better.  The interesting result, however, is that for 

all but the very smallest values of smear the circular arrangement will provide 

significantly worse errors compared to the stacked arrangement of pixels.  The stacked 

pixel arrangement shows a great advantage over the circular arrangement when error for 

constant tilt and varying smear is examined (Figure 2-14C).  The insensitivity to the 

smear in the camera is due to the fact that the phase calculations are performed where 

pixels directly above one another are subtracted in order to obtain the sine and cosine 

components of the tangent of the phase.  Since the smear is the same along each column, 

the value of smear is not important in the stacked case, since the pixel irradiances found 
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above one another are subtracted, thereby subtracting the smear out from the calculation 

regardless of its magnitude as a common factor.  

Based on these calculations, it was determined to be advantageous to proceed using 

the stacked pixel arrangement in practice.  However, this was largely based on the 

presence of smear in the interline CCD camera.  The difficulties presented by the 

presence of smear can be mitigated by the use of a shutter to limit irradiance on the CCD, 

which would greatly eliminate the smear along the interline columns.  A different sensor 

could be proposed as a solution to this trouble as well.  Because these steps can be taken 

to eliminate the effects of smear, a more in depth characterization of the smear in terms 

of an error transfer function have been left out of this work.  If either of these proposed 

solutions is implemented in the future, the theoretical modeling indicates that the circular 

phase shift orientation of the pixels is superior in terms of wavefront slope sensitivity and 

consequent magnitude of double-frequency errors.   This is due to the symmetry about 

the calculation point in the grid for the relative phase shift of each of the pixels.   
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2.6 DIFFRACTION EFFECTS 
 

Another important consideration is the effect of diffraction on phase 

measurement.  The wiregrid phasemask serves as a phase-shifting element, but also by its 

periodic nature as a diffracting aperture.  The square array of pixels with dark borders 

diffracts the nearly plane wave test and reference beams.  It is important to note that the 

diffraction is not caused by the wiregrids, but by the edges of each pixel in the array.  

This results in an error when light that is phase-shifted by the mask for a particular pixel 

contributes to the irradiance at a different CCD pixel location.  There are microlenses 

above each of the interline sensor pixels, which serve to improve radiance collection.  

This increase in efficiency inadvertently increases the likelihood of collection of 

improperly phase-shifted light at a given pixel.   This diffracted light contributes stray 

amplitude and phase to the irradiance at a pixel where it does not belong, inducing an 

error.   Because the beams spread due to diffraction further at longer distances beyond the 

micropolarizer array, it is important to balance the positioning of the mask at a safe finite 

distance with minimizing the errors due to this effect.  

A physical optics model was created to analyze diffraction and free-space 

propagation effects for the micropolarizer array.  This model was used to calculate the 

stray light at neighboring pixels to a given point in the pixelated mask, and the 

subsequent effects on phase measurement were determined.  This modeling was 

performed using a variety of optical analysis software packages, including Zemax™, 

ASAP™ and Diffract™.   The geometry consists of a grid of square apertures 9μm on 
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each side, set at a period of 10μm from center to center in two orthogonal dimensions.  

Each square aperture has a linear polarizer oriented as described previously.  

Monochromatic plane waves with right and left hand circular polarization with 

wavelength λ = 0.633μm modeled the input wavefronts for the simulation.  A diagram of 

the micropolarizer array is shown in Figure 2-15. 

 

 

 

 
FIGURE 2-15:  DIAGRAM OF APERTURE USED FOR PHYSICAL OPTICS 

PROPAGATION MODELING OF MICROPOLARIZER ARRAY 
 

The irradiance and phase distributions for incident beams propagating various 

distances beyond the polarizer array were calculated to provide data from which to 

simulate error magnitude in the calculation of phase.  Because the diffracting apertures 

are on the order of 8λ in size, and the distances of interest in propagation are on the order 
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of a few to several hundred wavelengths, the Fresnel theory of diffraction is used for 

propagation of the wavefronts.  This is determined based on comparison of the 

propagation distance with the calculated far field distance  

 

 

 
2LD
λ

. (2.15) 

 

D is the distance to the plane of interest from the diffracting aperture, L is the 

maximum extent of the diffracting aperture elements.  For D = 100μm, the far-field 

requirement for L = 10.5μm is not met, as L2/λ = 220.5μm28,29. 

Each diffracting aperture contains a linear polarizer at different angles.  The 

polarizers in a 2x2 superpixel are oriented horizontally, vertically, and at 45° and 135°, 

respectively.  A schematic of this micropolarizer structure for a 2x2 superpixel is shown 

in Figure 2-16. 
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FIGURE 2-16:  SCHEMATIC DIAGRAM  SHOWING 0°, 45°, 135°, AND 90° 
LINEAR POLARIZERS IN 2X2 STACKED SUPERPIXEL 

 

 

Based on this system geometry, irradiance distributions at a few planes beyond 

the micropolarizer array were calculated. Self-imaged or otherwise known as Talbot 

image planes are found beyond the periodic structure of the micropolarizer array.  These 

Talbot planes30 for a periodic array of similar apertures are at  

 

 
2

Talbot
pZ m
λ

= . (2.16) 
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P is the linear spacing of the apertures with polarizers oriented in the same 

manner.  The integer order m can be odd or even.  When m is even, the irradiance 

distribution is recreated due to the phase equivalence at Z.  When m is odd, the irradiance 

is recreated with a half period shift in the image plane.  Due to the polarization-periodic 

nature of the micropolarizer array, some interesting results have been calculated. Some of 

these interesting effects at various Z locations are shown in the following figures.  In each 

case the polarizer pixels were sampled with approximately 36 points in the FFT grid 

(corresponding to a 512x512 calculation).   

 

 

FIGURE 2-17:   DIFFRACTED IRRADIANCE AT Z = 5 MICRONS BEYOND 
MICROPOLARIZER ARRAY 
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FIGURE 2-18:   DIFFRACTED IRRADIANCE AT Z = 275 MICRONS 
BEYOND MICROPOLARIZER ARRAY 

 

 At Z = 275μm, the irradiance distribution is vaguely reminiscent of a periodic 

structure, however the sharp Talbot image is not seen.   Recurrence only occurs per 

Equation 2.16.  The irradiance at one such plane is shown for comparison in Figure 2-19. 
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FIGURE 2-19:  DIFFRACTED IRRADIANCE AT Z = 315.5 MICRONS 
BEYOND MICROPOLARIZER ARRAY (FIRST FRACTIONAL TALBOT PLANE) 

 

The clarity at this particular distance beyond the aperture is interesting in that the 

brightest pixels are now near equal in irradiance and are cross diagonally located from 

one another at the positions of the vertical polarizer and the 45° linear polarizer.  These 

are the pixels which represent positions of a desired 90° and 180° phase shift, 

respectively.  This shift in irradiance is due to the differing period in horizontal and 

vertical directions in the grid of pixels (a result of overlapping components of 

polarization). This difference results in the creation of this ‘chessboard’ appearance in the 

irradiance distribution.  Such an energy distribution would be severely detrimental to the 

phase calculation algorithm.  This fact is demonstrated in the plot in Figure 2-20. 
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FIGURE 2-20:  PHASE CALCULATION ERROR AS A FUNCTION OF Z 
PROPAGATION DISTANCE BEYOND MICROPOLARIZER ARRAY 
 

This plot shows that the phase calculation at a given point in the center of the 

array results in a significant error as Z approaches the first (phase shifted) Talbot plane.  

The irradiance distribution at Z = 631μm is given in Figure 2-21 to show the half-period 

shift in the irradiance (compare to Figure 2-17).   
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FIGURE 2-21:  DIFFRACTED IRRADIANCE AT Z = 631 MICRONS 
BEYOND MICROPOLARIZER ARRAY (M = 1 TALBOT PLANE) 

 

It is interesting to examine the cross-section of the phase of the light along some 

particular elements of the irradiance distribution.  The cross-sections show the relative 

phase value behind each of the micropolarizer elements at Z = 15μm for the 7th row and 

7th column of pixels in the 14x14 grid. 
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FIGURE 2-22:  SUB-PIXEL SAMPLE OF X-PHASE CROSS SECTION FOR 

SEVENTH ROW OF PIXELS AT Z = 15 MICRONS 
 

Each pixel is clearly recognized as the phase alternates between zero and 90° 

along the row.  This cross section corresponds to the horizontal and 45° linear polarizer 

row of the array.  For comparison, the phase profile was calculated at some distances 

beyond the micropolarizer array at relatively close distances.  The results show that 

although the phase is more oscillatory, the relative phase value at each pixel remains at 

90° or π/2 radians.   The phase cross-section for Z = 20μm for the identical row of pixels 

is shown in Figure 2-23. 
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FIGURE 2-23: SUB-PIXEL SAMPLE OF X-PHASE CROSS SECTION FOR 

SEVENTH ROW OF PIXELS AT Z = 20 MICRONS 
 

A similar simulation was carried out looking at the Y cross-section of the phase 

through the horizontal and vertical micropolarizer elements, to show a π relative phase 

relationship propagating along the z axis.  These phase cross sections are shown in 

Figures 2-24 and 2-25 for Z = 10μm and Z =15μm. 
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FIGURE 2-24:  SUB-PIXEL SAMPLE OF Y-PHASE CROSS SECTION FOR 

SEVENTH COLUMN OF PIXELS AT Z = 10 MICRONS 
 

 

FIGURE 2-25:  SUB-PIXEL SAMPLE OF Y-PHASE CROSS SECTION FOR 
SEVENTH COLUMN OF PIXELS AT Z = 15 MICRONS 

 

These phase cross-sections show that the pixels maintain the relative shift with 

respect to each other over a 20μm propagation along Z.  This is important to note in light 

of the increasing magnitude of error in phase calculation with increased Z propagation. 
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To further explore this effect, it is of interest to determine whether this error 

varies as a function of position in the array, for a specific wavefront under test. To answer 

this question, irradiance distributions for Z = 5μm, 10μm, 15μm, 20μm, 25μm, 30μm, and 

35μm were calculated for various input wavefronts.  A physical optics propagation model 

was created using ASAP™ optical analysis software to calculate these irradiance 

distributions.   The micropolarizers were modeled as 9μm square pixels spaced on 10μm 

centers.  The region between pixels was modeled as reflecting in order to simulate the 

gaps between pixels.   

Tilt in one or both axes was modeled, as well as magnitude of the tilt as measured 

in waves/pixel for one of the wavefronts with respect to the other.  Example irradiance 

distributions for two tilt magnitudes for a small and large calculation grid are shown in 

Figures 2-26 and 2-27. 

 

                           

FIGURE 2-26:  IRRADIANCE DISTRIBUTIONS FOR SMALL GRID 
VERTICAL AND 135° 0.1 WAVE/PIXEL TILT FRINGES 

 

.   
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FIGURE 2-27A:  IRRADIANCE DISTRIBUTION LARGE GRID  
0.1 WAVE/PIXEL HORIZONTAL TILT FRINGES 

 

 

FIGURE 2-27B:  IRRADIANCE DISTRIBUTION LARGE GRID  
0.1 WAVE/PIXEL 135° TILT FRINGES 

 

One point was at the Center (C) of the grid, chosen to have the same phase for 

each simulation.  The other point was at the upper right hand side of the grid, at either 

X,Y = (20μm, 20μm), representing the center of the Upper Right (UR) 2x2 superpixel for 
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the smaller 6x6 pixel grid, or at X,Y = (100μm,100μm) for the larger calculation grid 

such as those shown in Figure 2-27.    For given input wavefront tilts, the known and 

calculated phase values were compared to find the error in the calculated phase. 

Figure 2-28 shows a plot of phase calculation error vs. tilt for Z = 15μm beyond 

the micropolarizer array.   

 

           

FIGURE 2-28:  PHASE ERROR VS. TILT AT Z = 15 MICRONS 
CALCULATED AT TWO POSITIONS BEHIND THE ARRAY 

 

It is clear from the figure that the error in the phase calculation is the same at both 

the center of the 6x6 calculation grid and as well at the upper right hand corner of the 

grid.  The magnitude of the error increases linearly with tilt, as predicted by Equation 

2.12.  Figure 2-29 shows a similar plot for Z = 20μm. 
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FIGURE 2-29:  PHASE ERROR VS. TILT AT Z = 20 MICRONS 
CALCULATED AT TWO POSITIONS BEHIND THE ARRAY 

 

These figures show that the error in calculated phase at different Z propagation 

distances is the same at different calculation points in the array.  We see from Figure 2-29 

that the errors in the center and at the upper right superpixel agree within less than 

0.001λ.  This is true even when the 2x2 superpixel phase calculation is most sensitive to 

the orientation of tilt fringes.    It is interesting to look at other orientations of tilt fringes 

to verify this behavior.  Figure 2-30 contains a plot of the calculated error at Z = 15μm 

for tilt fringes oriented along the direction of minimum sensitivity.   
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FIGURE 2-30:  PHASE ERROR VS. TILT FOR FRINGES PARALLEL TO 
LEAST SENSITIVE ERROR AXIS 

 

Because the theoretical error for fringes oriented for the plot in Figure 2-30 is 

zero, the residual difference in the calculated error is likely due to errors in the 

calculation of the irradiance distributions.   

To summarize, the results of these analyses show that the phase calculation error 

introduced by propagation is the same for different points of calculation for a particular Z 

location.  This has been shown to be true for variation in both magnitude and orientation 

of tilt fringes.  Additionally, the calculation was carried out for grids of 6x6 and 24x24 

pixels, to test for consistency over different regions behind the micropolarizer.  In each 

case, the phase error magnitude varies linearly with tilt as derived previously (Eq. 2.12). 
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Another interesting quantity relating to interferometer performance is modulation 

index, defined as 

 

2 2
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For the next simulation, the center 2x2 superpixel was selected from the grid of 

14 x 14 pixels and the modulation index was calculated as a function of Z.  The 

modulation is required to be greater than 85%, based on empirical results from operating 

systems.  This limits the distance to the CCD camera.  The CCD should be located within 

100μm of the micropolarizer array, or alternatively in a non-phase shifted Talbot image 

plane (m = 2, 4, 6…).  Placing the CCD relative to the array in this manner will ensure 

high modulation index.  A graph of the modulation as a function of propagation distance 

is shown in Figure 2-31.   
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FIGURE 2-31:  MODULATION INDEX VS. PROPAGATION DISTANCE 
BEYOND THE MICROPOLARIZER ARRAY 

 

Calculations for the same geometry using Diffract™ (courtesy Brian Medower of 

4D Technology, Inc.) indicate a slight difference in the locations of high modulation.  

This is due to the higher resolution along the Z axis in that simulation.  The same 

functional dependence of modulation on Z calculated using Diffract is shown again in 

Figure 2-32.   
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FIGURE 2-32:  MODULATION INDEX VS. PROPAGATION DISTANCE 
BEYOND THE MICROPOLARIZER ARRAY CALCULATED WITH DIFFRACT™ 

 

Comparing Figures 2-31 and 2-32, the similarity between the calculation results is 

evident.  The discrepancy of the peak widths arises from the more smoothly sampled 

position space in the Diffract™ model.  There is good agreement for the location and 

magnitude of the peaks in modulation efficiency, however the width of the peaks is 

different, indicating a tighter tolerance on this position of the CCD camera beyond the 

mask then initially determined via the Zemax calculation.  Based on the results, it is clear 

that the CCD must be located within 40μm in order to operate the system with greater 

than 85% modulation efficiency. 
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2.7 NON-IDEAL COMPONENT AND ALIGNMENT ERRORS 
 

In this section the effects of component errors are examined, including errors in 

polarizer diattenuation and orientation, non-ideal quarter-wave plates, and retarder axis 

orientation errors.  A Mathematica™ model of the interferometer phase calculation was 

created to perform these analyses.  First analyses were carried out symbolically to 

calculate phase error as a function of test beam phase, and later some mathematical 

relation  This type of modeling provided the means to symbolically represent different 

component properties and to model variations in the different interferometer components 

such as polarizer angles, quarter-wave plate (QWP) axis angle, and also retardance 

values.  These analyses were carried out symbolically in a functional form so that results 

could be shown as a function of test beam phase in closed form.   
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2.7.1 LINEAR RETARDER ERRORS 
 

This section addresses retarder orientation errors.  Equation 2.18 shows one such 

closed form solution, illustrating the effect on the tangent of the phase calculation caused 

by a known error in the orientation of the quarter wave plates in the interferometer.  The 

quarter wave plates are nominally oriented at 45°, in order to create orthogonal circularly 

polarized states.  When the angular misalignment is known, the error effects on the 

tangent of the phase can be calculated as 
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The tangent of the phase φE is expressed in terms of the error ε in the QWP axis 

orientation.  This angle is the error with respect to 45° for each of the two linear retarders 

that transform linear input light into circular input light.  When this alignment error is 

present, the phase is as shown.  Figure 2-33 below shows a plot for the phase error in 

waves when the QWP axes are misaligned by 5°.  The resulting phase error is double-

frequency in nature, that is, the phase error at φ = 0° and φ = 180° are equal.   
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FIGURE 2-33:  PHASE ERROR DUE TO QUARTER WAVE PLATE AXIS 
MISALIGNMENT OF FIVE DEGREES AS A FUNCTION OF INCIDENT PHASE 

 

The phase calculation is not sensitive to the misalignment of the retarders in the 

system.  The error occurs at approximately 1:100 to the angular misalignment. The peak-

to-valley error in the phase calculation is approximately 0.002 λ for this level of 

misalignment.  Based on this result, it is a relatively safe assumption that the alignment of 

the waveplates will not be a performance critical factor for an interferometer functioning 

in this manner.  Values of ε = 5° are relatively large when ε = 0.5° is straightforward to 

achieve with readily available rotation mounts. 
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2.7.2 POLARIZING ELEMENT ORIENTATION ERRORS 
 

Another interesting error to examine relates to the polarizers used to create the 

relative phase shift between the reference and test beams.  The angle of rotation of the 

linear polarizers will be examined in order to determine the sensitivity of phase 

calculations with respect to their alignment.  This is of interest because the phase shift 

imparted to the beams is dependent upon the angular orientation of the polarizers in a 

linear fashion.  The polarizers will be examined in two ways.  In the first analysis, the 

polarizing wiregrids will be treated as a group, i.e., the rotation angular error away from 

the ideal will be the same for each of the polarizers.  This will simulate a rotation of the 

entire micropolarizer phase-shifting array with respect to the CCD.  Such a misalignment 

will occur in practice when the mask is not aligned with its edges on orthogonal axes with 

respect to the CCD camera pixels.  This rotation could be measured as an angle gamma 

about the optical axis.  In the second analysis, a gamma rotation of one of the polarizing 

wiregrids with respect to the other three will be examined.  This situation is meant to be 

representative of a fabrication process error where one of the wiregrid patterns is written 

at an angular offset with respect to the others.  This type of misalignment may occur if 

there happened to be a mask placement error during the lithography step corresponding to 

a particular wiregrid orientation.  In each of these cases, there is a detrimental effect on 

the calculation of the phase. 

Below we present the phase calculation errors for a few different rotational errors 

are plotted as a function of incoming test beam phase, both for full mask rotation errors 

and as well for single wiregrid orientation errors. The error equations were derived by 
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calculating the pixel irradiance at each one of four pixels in a 2x2 stacked grid, taking 

into account the orientation angle of the polarizer wiregrids and the incoming field 

amplitudes.  The irradiances were then calculated and used in the traditional phase 

calculation manner for a four step algorithm approach to provide sine and cosine terms 

for use in the tangent of the phase calculation.  The sine and cosine components that 

result from this process are given as 
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These expressions were then used to plot the difference in true test beam phase 

versus calculated phase from the arctangent of the sine/cosine terms.  Figure 2-34A 

through 2-34C shows plots for increasing gamma rotations of the entire pixelated mask.  

These errors show themselves in the common double frequency form, and are 

comparable in magnitude to the errors caused by a misalignment of the QWP retarders in 

the system.  The magnitude of angular misalignment was based on the estimated level of 

error in the alignment process.  In practice, it was found that the mask could easily be 

aligned to within one pixel at the edge of the area, so it is assumed that the registration of 

the mask will be somewhere between perfectly aligned and off by one full pixel at the 

edge of the detector in rotation.  This level of accuracy in the alignment is relatively 

easily achieved due to the fact that beyond this level of rotation, moiré interference 
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effects are observed and the alignment is easily corrected by eliminating the moiré 

pattern. 

 

 

 

 

      

FIGURE 2-34A:  PHASE ERROR FOR 0.25 PIXEL PHASEMASK ROTATION 
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FIGURE 2-34B:  PHASE ERROR 0.5 PIXEL PHASEMASK ROTATION 
 

        

FIGURE 2-34C:  PHASE ERROR FOR 1.0 PIXEL PHASEMASK ROTATION 
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The magnitude of the calculation errors for these cases appears to be linearly 

proportional to the angular error in mask rotation.  As can be seen, even at a 

misalignment of one full pixel at the detector edge, the phase calculation error will have a 

peak to valley magnitude of only 0.004 λ.  Since it is possible to ensure the alignment to 

within this full pixel rotation error, consequently the error associated with the alignment 

will be kept to a value less than this 0.004 λ P-V.  Although this is not a negligible error, 

we conclude that the alignment method for the mask and rotational effects will prevent 

this type of error from limiting the instrument performance.   

Next, we examine the effect of misalignment of one polarizer with respect to the 

others in the mask.  Each of the polarizers of a given type, if subjected to fabrication 

alignment error, will have the same angular error due to the fabrication methodology.  

That is, if one 45° linear polarizer is oriented at 45° + χ, then so too will the other 45° 

polarizers, because they are fabricated all together in one step of the lithographic 

fabrication process.  It is possible, albeit unlikely and unfortunate, due to mechanical 

alignment tolerances and process control issues, that the rotation of a pixel could be as 

much as a degree in error from the nominal value.  Therefore, errors on the order of a 

degree in pixel rotation will be explored for each of the nominal polarizer orientations 

and results plotted as a function of input phase. 

The orientation of the vertical and also the 45° linear polarizers will be examined 

closely and perturbed in order to determine sensitivity to this type of misalignment of one 

polarizing element with respect to the others.  These two polarizer orientations are 

studied and the effects seen for them can be applied as well to the horizontal and 135° 
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polarizer orientations, due to the symmetry of the situation.  Because of this symmetry, 

these types of errors will be likely to cause the same magnitude error in the phase 

calculations for each polarizer angle, but with different phases depending on the polarizer 

orientation.  The plots for phase error due to misalignment of the vertical polarizer pixels 

are shown in Figure 2-35A and 2-35B.   

 

      

FIGURE 2-35A:  PHASE ERROR DUE TO 0.5° POLARIZER ROTATION OF 
VERTICAL POLARIZER PIXELS 
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FIGURE 2-35B:  PHASE ERROR DUE TO 1.0° POLARIZER ROTATION OF 
VERTICAL POLARIZER PIXELS 

 

The magnitude of the errors in phase associated with a 1.0° rotational error on the 

vertical polarizing pixel elements is approximately +/- 0.003λ P-V.  The error is again of 

the familiar double frequency form associated with many of the errors seen in phase 

calculations from phase-shifting interferometry.  For comparison, we examined next the 

error associated with the 45° pixels.  Figures 2-36A and 2-36B contain plots of the 

calculated phase error. 
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FIGURE 2-36A:  PHASE ERROR DUE TO 0.5° POLARIZER ROTATION OF 
45° POLARIZER PIXELS 

 

 

FIGURE 2-36B:  PHASE ERROR DUE TO 1.0° POLARIZER ROTATION OF 
45° POLARIZER PIXELS 
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It is clear from these figures that the magnitude of the calculated phase error to be 

expected from a polarizer rotation error is similar for each type of polarizing pixel.  The 

starting phase of the errors depends on the polarizer orientation, but the overall 

magnitude (likely to be less than 0.001λ P-V for all but the largest of manufacturing and 

process errors) can be expected to be constant.  This level of error will not greatly affect 

overall instrument performance and again can be included as similar to other forms of 

systematic phase-dependent errors.  These errors will, as we have said, tend to be 

mitigated via averaging, which lessens the impact they create on system performance.  
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2.7.3 MICROPOLARIZER DIATTENUATION ERRORS 
 

Next, the effect of imperfect polarizing elements is examined to determine the 

effect diattenuation errors have on measurement capability.  Polarizers are diattenuators, 

with a perfect linear polarizer exhibiting a diattenuation of 1.0.  Here, the polarizer passes 

with 100% efficiency radiation aligned with its preferred direction and blocks 100% of 

the radiation polarized in the orthogonal sense.  In the following analysis we present both 

experimental measurements and theoretical results of imperfect polarizers used in the 

dynamic phase-shifting process, first exploring the case of equal diattenuation for all 

polarizers, then exploring the effects where one of the quadrants of the superpixel group 

has imperfect diattenuation.  In one case, we see only a modulation effect; in the other we 

see double frequency phase errors in the calculation. 

A Mueller Matrix Imaging Polarimeter (MMIP) was used to make diattenuation 

measurements of the micropolarizer phase-shifting array.  These measurements were 

provided as a courtesy by Neal Beaudry and Russell Chipman of the Polarization 

Laboratory at the Optical Sciences Center at the University of Arizona.  Properties such 

as diattenuation, circular and elliptical retardance, and polarizance are measured using 

this instrument.   
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The data matrix from the MMIP can be interpreted through reduction of the 

matrix component pairs 
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These matrix elements represent different forms of diattenuation and retardance.  

Each pair indicates the presence of a specific form of diattenuation or retardance, with a 

representing linear diattenuation at 0° or 90°, b representing linear diattenuation at 45° or 

135°, c representing circular diattenuation, d representing linear retardance at 0° or 90°, e 

representing linear retardance oriented at 45° or 135°, and f representing circular 

retardance31. 
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Figure 2-37 shows MMIP image data of a 15x15 pixel region of a micropolarizer 

array. 

                           

FIGURE 2-37:  MUELLER MATRIX IMAGING POLARIMETER DATA FOR 
MICROPOLARIZER PHASE-SHIFT ARRAY 

 

The magnitude of the linear diattenuation seen in the a and b elements of the 

MMIP image characterize the extinction ratio of the micropolarizers.  From the MMIP 

image we see that there is little if any contribution in the circular diattenuation and 

retardance components of the matrix.  The magnitude of linear diattenuation is found via 

reduction by the MMIP software from the image in Figure 2-38. 
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FIGURE 2-38:  MICROPOLARIZER LINEAR DIATTENUATION REDUCED 
FROM MMIP IMAGE  

 

The micropolarizer array diattenuation is on the order of 0.98, indicating 

approximately 1% leakage of orthogonally polarized (and therefore incorrectly phase-

shifted) light.  This level of diattenuation was included in the modeling for phase 

calculation errors in the next part of this section. 

Two interesting cases are presented here.  The first case is where just one of the 

polarizers has a diattenuation error.  The Jones matrix form for a general diattenuator is  

 

.    (2.21)    
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θ is the polarizer axis angle and α is 1-D, the diattenuation factor. A 98% 

diattenuator would therefore have α = 0.02.  The effect of a 98% diattenuator for a 

general test wavefront is shown by the irradiances   
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As can be seen from these functional forms of the irradiance, the net effect is a 

decrease in the fringe contrast (noted by the less than unity coefficients for the sinusoidal 

terms). However, if one uses Equation 2.3 to calculate the phase of the test beam from 

these irradiance values, one obtains directly Tan[φt].  The effect is reduced fringe contrast 

not phase calculation error.  Using Equation 2.17, the modulation in this case is 

calculated to be M = 0.99.  Because instruments normally operate with modulation at 

approximately 85%, this suggests that positioning of the mask plays a significant role in 

decreasing the functional modulation achieved for the instruments.  

The next case of interest presented here is where one of the superpixel quadrants 

exhibits a high level of diattenuation imperfection while the other quadrants are treated as 

perfect linear polarizers.  This is likely to be avoided in practice due to eliminating this 

type of mask from use, but it is interesting to note the effects from a theoretical 

standpoint.  This is analogous to an error in the processing of one of the polarizer pixel 
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elements in the mask fabrication process which affects only one of the polarizer types in 

the pixelated mask.  For example, one of the process steps may be performed while 

contaminating ions or toxins are present in the fabrication area.  This would cause 

imperfections to effect one of the polarizer orientations, but not the others.  Below in 

Figure 2-39 the phase dependent error associated with a 1% diattenuation for one of the 

polarizing wiregrids is shown.  In this case, the other polarizing wiregrids are assumed to 

be fabricated perfectly (α = 0.0).         

 

 

FIGURE 2-39:  PHASE-DEPENDENT ERROR DUE TO POLARIZER 
DIATTUNUATION ALPHA = 0.01 

 

The maximum error peaks at 0.002 λ for diattenuation α = 0.01.  The form of the 

error resembles a non-linearity detector error17.  The magnitude is nearly 0.004 λ P-V, 
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which should be included in the system error budget, because this form of error will not 

average out of the measurements.   
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2.8 THEORETICAL PHASE-STEP RESPONSE 
 

This last analysis addresses the response of the phase calculation method to an 

input phase step at various orientations.  This relates directly to the instrument’s lateral 

resolution.  The calculation of the phase based on different input steps was made to 

determine an effective system line response.  The phase step input was used to construct 

an irradiance matrix, which was subsequently used to calculate the wavefront phase.  The 

phase step is shown in Figure 2-40. 

 

 

FIGURE 2-40:  INPUT QUARTER WAVE PHASE STEP USED FOR 
MODELING 
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The output phase from this input wavefront provides the lateral resolution 

capability for using the micropolarizer array and its limitations.  There is a limit to the 

steepness of the step which can be tolerated.  The step response cannot be infinitely steep 

but rather must rise over several CCD array pixels.  The number of pixels in the transition 

is what ultimately relates to the lateral resolution of the interferometer.  Smaller 

transitions mean higher instrument lateral resolution.  A phase-step such as that shown in 

Figure 2-40 is input into the phase calculation algorithm in order to determine the 

resulting accuracy of the calculated step.  A fast transition capability to measure steep 

steps assures that the lateral instrument resolution is acceptable for high-precision 

interferometric measurements. 

Below in Figure 2-41A and 2-41B two phase profiles are shown.  These are the 

input phase grid for the step response calculation and also the calculated return phase 

using the methods described for phase calculation.  If the profiles are examined closely 

the slope for the perfect phase grid is steeper (a single pixel transition from 0 to quarter-

wave phase) than the calculated phase profile.  The calculated phase begins the transition 

to the higher step value at pixel number 24, where in reality the phase is still zero in this 

case.  The full transition occurs over at minimum two pixels in the CCD array.  This is 

true because the instrument is not capable of an infinite response to a line impulse such as 

the phase step. 
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FIGURE 2-41A:  SIDE VIEW OF THEORETICALLY PERFECT QUARTER-
WAVE PHASE STEP WITH SINGLE PIXEL TRANSITION 

 

 

 

FIGURE 2-41B:  SIDE VIEW OF CALCULATED PHASE FOR PERFECT 
INPUT OF QUARTER-WAVE PHASE STEP (TWO PIXELS STEP RESPONSE) 

 

These calculation results verify that in reality no phase step of infinite slope 

(single pixel jump discontinuity) may be measured.  This makes sense from a general PSI 

point of view as well, in that steps from one pixel to the next may not be greater than π/2 

in magnitude in order to avoid phase discontinuity and unwrapping errors in the 
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calculation of the arctangent function17,20.  The actual value of the phase is ambiguous 

when jumps of this nature are encountered, and consequent data unwrapping errors are 

the indication that the local slope of the wavefront is limiting measurement accuracy in 

that instance.  In order to complete this analysis, the step response was calculated for 

various orientations of the phase step.  The results for a vertical, 45° and 135° phase step 

are shown in Figures 2-42A through 2-42C below.  

 

 

 

FIGURE 2-42A:  SIMULATED TRANSITION FOR PHASE STEP (VERTICAL 
STEP ORIENTATION TO 2X2 PIXEL GRID) 
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FIGURE 2-42B:  SIMULATED TRANSITION FOR PHASE STEP (45 
DEGREE STEP ORIENTATION TO 2X2 PIXEL GRID) 

 

 

FIGURE 2-42C:  SIMULATED TRANSITION FOR PHASE STEP (135 
DEGREE STEP ORIENTATION TO 2X2 PIXEL GRID) 
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These simulations are presented now for comparison to the experimental results 

given for phase step measurements in Chapter 3 of this work.  The transition shown for 

the step aligned to the axes of the 2x2 phase calculation grid takes place over two pixels, 

and we see that the transition requires three pixels in the case of the phase step oriented at 

45° and 135° to the axes of the 2x2 grid.   
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CHAPTER 3: HARDWARE AND EXPERIMENTATION 

3.1 CCD PACKAGE CHARACTERIZATION 
 

Now that we have examined theoretical aspects of the use of a pixelated 

micropolarizer phase-shifting array for dynamic interferometry, we will present the 

hardware and some of the experimental results obtained.  First, we examined the physical 

dimensions of the CCDs and packaging in order to understand the task associated with 

correctly positioning a pixelated micropolarizer phase-shifting array on the CCD chip.  

The inherent difficulty in the task is due to the fact that the micropolarizer phase-shifting 

array would ideally be located at an extremely small distance from the CCD surface (a 

distance on the order of a few microns or less would be ideal).  However, it is difficult to 

locate the mask within such a small distance without danger of crashing into the 

wirebond plane, the wirebonds themselves, or the packaging and surface of the CCD 

chip.  Therefore, each CCD used in combination with a pixelated micropolarizer phase-

shifting array must be accurately characterized in order to allow for proper bonding of the 

micropolarizer phase-shifting array mount.  There are two height levels for each CCD 

sensor and package which require relative measurement in order to ensure that the wires 

and sensor surface will not be damaged through impact by the micropolarizer phase-

shifting array mounting hardware.  These are the package height relative to the ceramic 

wirebond level, and the ceramic wirebond level relative to the active sensor surface.  

Figure 3-1 shows a photograph of the setup used for height determination experimentally 
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(non-contact method developed in order to avoid potentially damaging the CCD by other 

methods such as a dial indicator or micrometer).   

 

 

 

 

FIGURE 3-1: CCD CHARACTERIZATION STATION 
 

 

 In order to accurately determine the relative heights of the respective chip 

surfaces, a laser diode and a short focal length lens was used to focus the laser light on 

the CCD surface within the field of view of the auxiliary camera and microscope viewing 

system.  The light was brought in at approximately a 60° angle with respect to the CCD 

surface normal.  The position of the micrometer for up and down translation (z in this 
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case) was noted for the starting configuration and focused spot.  Then the CCD was 

translated in the x and y axes in order to relocate the laser diode spot onto the next region 

of interest (either the wirebond or package plane of the chip).  The z position was then 

readjusted using the micrometer to bring the light once again to a sharp focus on the 

surface (also at the same point in the auxiliary camera field of view).  In this manner, 

each of the relative heights for the CCD geometry was obtained via subtraction of the 

starting and ending micrometer values.  Figure 3-2 shows a photograph of the CCD 

geometry and the laser spot used to make the measurements.  In this photograph, the laser 

spot was purposely defocused to facilitate viewing (it is in the upper left portion of the 

photograph, on the dark region of the CCD camera chip near the metallic wirebond 

connection).  When examined closely, the defocused wirebonds are also visible, 

connecting from the CCD chip to the bright metallic regions as well.   
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FIGURE 3-2: DEFOCUSED SPOT ON CCD CERAMIC WIREBOND PLANE 
 

 
 
 Once the CCD geometry was known it was possible to fabricate a mask 

mount which allowed for the bonding of the pixelated micropolarizer phase-shifting array 

to the CCD without incurring damage to the wire bonds or sensor surface.  The mounts 

were made to provide the proper standoff distance for the pixelated masks and also to 

provide contact points with the CCD chip packaging and the CCD surface between the 

wirebonds in order to prevent damage to the chip.  This mount also provided the bonding 

surface for the combination of the mask and CCD. 
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3.2 MICROPOLARIZER ARRAY CHARACTERIZATION 
 

Before bonding a micropolarizer phase-shifting array to a CCD, it was extremely 

important to determine that the mask was free from defects and would function correctly 

in the interferometer system.  The inspection and characterization of the micropolarizer 

phase-shifting arrays was therefore a critical step towards building a working system.  

Because the masks themselves are fragile and susceptible to contamination via handling 

(due to dust, damage from handling tools, package contamination, etc.), an easy to use 

and efficient inspection methodology was devised.  Each micropolarizer array is 

delivered with a group of other arrays on a tape frame, similar to the packaging for some 

semiconductor devices.  These must be removed from the packaging and placed and held 

in front of a CCD in order to evaluate the performance level with respect to acceptance 

standards.  In order to avoid unnecessary bonding of faulty or unsatisfactory masks, a 

vacuum mounting system for holding the masks in close proximity to a test CCD sensor 

was devised.  To properly inspect the masks, a six degree of freedom positioning system 

was necessary to provide the angular and linear translations necessary for the mask 

alignment at the output of an inspection interferometer.  The interferometer was a 

Twyman-Green configuration similar to that shown schematically in Figure 3-3 below. 
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FIGURE 3-3:  TWYMAN-GREEN TEST INTERFEROMETER 
 

The translation degrees of freedom were provided through micrometers which 

moved the mask in X and Y (perpendicular to the optical axis) and also a micrometer 

which moved the mask in Z (along the optical axis).  The rotation degrees of freedom 

were provided by two angular movements on the micropolarizer phase-shifting array 

(rotations about X and Y), with the third rotational degree of freedom provided via 

rotation of the CCD camera itself about the optical Z axis.  Figure 3-4 shows photographs 

of the vacuum inspection system hardware and its physical scale (a penny is placed in the 

second photograph).    These are located between the second lens and the CCD pictured 

above in Figure 3-2. 

 



 107

 

FIGURE 3-4A: MICROPOLARIZER PHASE-SHIFTING ARRAY 
INSPECTION HARDWARE 
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FIGURE 3-4B: MICROPOLARIZER PHASE-SHIFTING ARRAY VACUUM 
MOUNT 

 

Each mask to be inspected was removed from the tape frame, and placed carefully 

using tweezers onto the vacuum jig.  Then, the vacuum jig was rotated into position to 

place the mask into the optical path of the interferometer.  The back-reflected light from 

both the CCD active surface and also from the pixelated mask was used in order to align 

the mask and CCD perpendicular to the interferometer optical axis.  This was 

accomplished by aligning the return focus spot of the light from the second relay lens 

which would reflect from the CCD or micropolarizer phase-shifting array and then come 

to focus on the pinhole plane shown in Figure 3-3 above.  This re-imaged spot was 
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redirected through the pinhole through proper adjustment of the angles and translations of 

the phasemask and CCD sensor.  An alignment target at the relay intermediate focus 

position provided a stable means for determining the proper micropolarizer phase-shifting 

array and CCD sensor alignment. 

Another interesting tool for alignment was the observation of moiré pattern 

fringes generated by the micropolarizer phase-shifting array and CCD sensor.  Since each 

one of these presents a periodic structural array, light reflected back from the CCD sensor 

and through the micropolarizer phase-shifting array generated a strong moiré fringe 

pattern unless the periodic structures were well aligned with respect to each other.  As the 

rotational alignment between these two periodic structures was improved, the degree of 

moiré fringes seen was decreased.  The elimination of these moiré fringes thus proved to 

be an invaluable alignment tool for each of the masks.  The moiré fringes were brought to 

a null condition via rotation about the optical axis of the CCD sensor and the pixelated 

mask, as well as necessary angular and linear adjustments to the mask.  In this way, 

alignment to well within one pixel in rotation is attainable. 

The presence of spurious fringes due to interference between the face of the CCD 

sensor and the pixelated mask were also used to help align and adjust the mask relative to 

the CCD.  When these fringes are present, they cause coherent noise in the 

measurements.  Importantly from the standpoint of alignment, the fringe orientation and 

frequency can be controlled via the angular orientation of the mask with respect to the 

CCD.  When the test interferometer is well-aligned, the fringes will be at or near a null 

condition.  The fringes present themselves at first as low coherence high frequency tilt 
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fringes (for most cases where the mask and CCD sensor face are not perfectly aligned at 

the outset of the setup procedure).  The tilt of the mask in two axes can then be adjusted 

in order to spread out and null the fringes to ensure a good parallel alignment between the 

micropolarizer phase-shifting array and the CCD sensor.  It is important to minimize the 

visibility of these fringes as well as to obtain a condition as close to null as possible, in 

order to limit the coherent noise effects on the system measurements, and also to ensure 

the best possible alignment of the mask in the system. 

 

3.3 MICROPOLARIZER PHASE-SHIFTING ARRAY 
PERFORMANCE EVALUATION 

 

Now that we have presented some aspects of the alignment and micropolarizer 

phase-shifting array inspection, we will present some of the experimental evaluation of 

the DPSI system based on the micropolarizer phase-shifting array approach.  As stated 

earlier, a Twyman-Green interferometer was used to evaluate various aspects of the 

pixelated micropolarizer phase-shifting array performance.  A second schematic of the 

interferometer is shown in Figure 3-5, showing the four phase shifted frames created by 

the micropolarizer phase-shifting array.  In practice, the frames are not displaced from 

one another, but rather interlaced pixel by pixel throughout the CCD.  The data from 

these pixels are then recombined in order to show full measurement frames within the 

interferometer software used for the analysis. 
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FIGURE 3-5:  INTERFEROMETER SCHEMATIC DIAGRAM 

  

In this example, a single mode laser is shown as the interferometer light source.  It 

should be noted, however, that in principle a single mode source is not required; in fact a 

broad band source may be used with this phase shifting technique.  The use of a 

broadband source would be advantageous in that this type of illumination source could be 

used to eliminate coherent noise effects such as the spurious interference fringes 

described in the previous section, or shown in the measurement data at the end of this 

chapter.   This adaptability to short coherence light sources is one of the main advantages 

to the pixelated mask technique. 
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3.3.1 INTERFEROMETER MODULATION INDEX 
 

The first set of experimental evaluations made for the instrument was an 

assessment of the fringe contrast in the instrument.  In particular, we examined the 

modulation index in the instrument as a function of tilt in the test beam of the 

interferometer, keeping in mind the theoretical results of the diffraction and physical 

optics modeling showing the necessary close proximity to the CCD for the array.  This 

was done in order to observe the fall-off in fringe contrast in the presence of high fringe 

density.  This indicates the level of performance that can be expected when testing optics 

which may not provide a high quality wavefront and therefore lend themselves to a good 

null measurement.  If the fringe contrast drops too rapidly with fringe density 

measurements of some test optics may be difficult at best to make, and impossible to 

make in the worst cases.  Modulation index is a measurement of the fringe contrast 

provided by the interferometer, based on calculations of the modulation at each super-

pixel integrated over the entire CCD array.  This modulation index may be defined as the 

ratio of maximum difference in irradiance at a detector point to the total irradiance at that 

point, or mathematically as 
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The fringe modulation of the interferometer would ideally have always a value of 

1.0, which would correspond to 100% visibility fringes.  This of course is only desirable; 

it is not achievable with real hardware.  In practice, the modulation index varies 

depending on system noise, the amount of light from the test part that is collected in the 

instrument, the reflectivity of the test part, the slope of the test wavefront, and as well 

other contributing factors such as demonstrated by the physical optics modeling in 

Chapter 2.  In practice, the modulation is calculated for each pixel of the CCD, and the 

results are averaged via integration over the entire array.  An adequate modulation index 

is necessary for sufficient measurement accuracy, particularly in the presence of high 

fringe densities.  As the fringe density increases, it is important to keep the modulation as 

high as possible.  As a rule in the alignment of the system, a modulation of higher than 

80% in the nominal alignment case with a flat test mirror aligned for a null fringe 

condition is desired.  

Experimentation with the pixelated micropolarizer phase-shifting array was 

conducted in order to determine the fall off of modulation index as a function of input 

wavefront tilt.  This is important in instrument function because in practice there are 

situations where measurement of highly aberrated wavefronts is necessary, and high 

fringe visibility is needed in order to insure accurate measurement in these cases.  If the 

modulation index falls off too severely, limitations are imposed on the accuracy of test 

part measurements.  

In order to perform the test, one beam in the interferometer was kept at normal 

incidence onto the camera while tilt was introduced between the two mirrors in the 
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Twyman-Green instrument.  As the tilt was increased the modulation index was noted 

and as well the point at which phase unwrapping errors occurred was determined.  There 

were interesting results for the two different types of micropolarizer phase-shifting 

arrays.  For the mask which had the circular arrangement of pixels, unwrap errors 

occurred at approximately 140 fringes in both the horizontal and vertical directions (tilt in 

X or Y only).  However, if the tilt was introduced diagonally across the array, unwrap 

errors occurred at a much lower level of tilt, approximately 70 fringes.  Similarly, in the 

stacked pixel arrangement, the unwrap errors for the horizontal and vertical directions of 

tilt occurred at approximately 70 fringes, but when the tilt was introduced diagonally the 

instrument could perform correctly up to approximately 140 tilt fringes.  This behavior 

corresponded to a fall-off in instrument modulation index.  The tolerance of lower or 

higher numbers of fringes in different directions along the masks is likely due to the fact 

that these are the directions of symmetry for each of the different mask types.  The 

circular mask has 180° phase step symmetry for pixels which are diagonally across from 

one another.  The stacked mask arrangement produces phase symmetry on vertical and 

horizontal axes.  In each mask, these axes are the least tolerant (most sensitive) to tilt 

fringes.  Since the phase calculation is made using light from pixels along each of these 

directions in these cases, it can be concluded that the increased sensitivity to tilt comes 

about due to this fact.  

As tilt fringes were introduced, the instrument modulation index was also 

monitored for horizontal and vertical fringes in the case of the stacked pixel phase-shifter.  



 115

The figures below show modulation behavior for the instrument as a function of tilt 

fringes along these two directions. 

 

 
 

FIGURE 3-6:  MODULATION VARIATION (VERTICAL TILT FRINGES) 
 

The modulation index is peaked at just over 0.8 and decreases smoothly as the 

number of tilt fringes is increased.  The performance of the mask allows for a relatively 

large number of tilt fringes to be introduced, a key for reliable interferometer 

performance.  The modulation index would eventually drop to zero, however the number 

of tilt fringes over the entire detector is not sufficient to induce this effect before phase 

unwrapping errors occur, i.e., too much tilt per pixel would be present to make a 

measurement before this decrease in modulation index would be realized.  It is interesting 

to note the effect when the direction of the fringes is changed from vertical to horizontal.  
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Figure 3-7 contains a plot of the modulation index as a function of increasing number of 

horizontal fringes. 

 

 
 

FIGURE 3-7:  MODULATION VARIATION (HORIZONTAL TILT FRINGES) 
 

The pronounced drop in the modulation index around 100 fringes of tilt is 

attributable to leakage of light from one pixel to the nearest neighboring pixel in the 

direction of the tilt introduced in the test beam.  Since the pixel phase-shift mask is not 

directly in contact with the CCD sensor surface, as the test beam in the interferometer is 

tilted there is a shear introduced between the test and reference beams of the 

interferometer.  At 100 fringes of tilt, this shear is sufficient to send light from one CCD 

column into the neighboring column due to the separation between the pixel phase-shift 

mask and the CCD surface.  Since the modulation index is calculated based on the 
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average integrated modulation at each pixel, this change in irradiance collection causes a 

decrease in overall modulation index which corresponds with the dip shown above. 

An experiment was devised to test the appearance of this sharp reduction in the 

modulation index.  It was hypothesized that this dip in modulation could be correlated to 

the physical distance of the mask to the CCD camera, based on the number of tilt fringes 

needed to create the drop in modulation at various mask to CCD sensor relative distances.  

The drastic decrease in modulation was thought to be brought about by light leakage from 

one row or column of pixels into the neighboring row, and experimentation lends 

credence to that conclusion.  By examining the modulation and tilt sensitivity as a 

function of the z position of the micropolarizer phase-shifting array, insight was gained 

into this mechanism for loss in instrument performance. 

In order to make the measurements, the mask position was recorded via 

micrometer reading after initial alignment of the system.  Then, tilt fringes were 

introduced into one of the beams of the interferometer, as in the case of the modulation 

index experiments.  The data were then examined to determine the point at which phase 

unwrap errors became apparent in the data using 4Sight™ interferometric analysis 

software from 4D Technologies, Inc.  This occurs when the input wavefront slope is too 

steep to be resolved, because the phase is changing by more than 90° over one pixel.  The 

following figure shows a plot of the visibility at the start of the severe dip in modulation 

index as a function of relative position of the micropolarizer phase-shifting array. 
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FIGURE 3-8:  TILT FRINGES AS A FUNCTION OF Z POSITION OF 
PHASEMASK FOR SUDDEN DROP IN MODULATION INDEX 

 
 

This plot indicates the relationship between close relative mask to CCD distance 

and higher tolerance to tilt fringes.   As can be seen, the modulation index drop did not 

occur until a high fringe density was reached at the closest micrometer reading.  

Originally, it was hoped that these relative data could be used to determine an actual 

mask distance from the CCD sensor surface, but the physical optics modeling form 

Chapter 2 has shown us that the most likely array location is within the first 25μm or so 

of the camera surface based on observed modulation and calculated Talbot image plane 

locations.  Consequently, a hardware solution was found that allowed the micropolarizer 
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phase-shifting array to be placed in near contact with the CCD, effectively positioning the 

mask to function at the highest point on the curve shown in the figure.  The experiment 

was nevertheless instructive in that it verified that light from one pixel was able to leak to 

the next nearest neighbor to produce a consequent decrease in visibility.  The variation of 

the micropolarizer array position showed the decrease in necessary amount of tilt to 

produce the expected drop in visibility as the array was positioned at further and further 

distances from the CCD. 
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3.4 EXPERIMENTAL PHASE-STEP RESPONSE 
 

The next experimental result we show is the response of the instrument to a phase 

step.  This is an interesting experiment to perform because it is easily compared with the 

theoretical results obtained as well.  Recall from Chapter 2 the phase-step theoretical 

calculations showing the non-ideal recalculation of the phase for an input quarter-wave 

step height, based on the pixelated phase calculation necessarily used for this type of 

interferometric phase measurement.  This non-ideal nature of the step phase measurement 

is now demonstrated experimentally. 

The equipment used to make the measurements consists of a PhaseCam™ 

Interferometer fitted with a stacked arrangement pixelated sensor.  This system was 

aligned, calibrated and then used to measure a quarter-wave step to determine the step 

response of one of the first fully-functioning instruments built using the enabling 

pixelated technology.  The step was measured in various orientations and the transition 

from each side of the step was examined closely to measure the instrument response 

capability.  The step was examined at horizontal, vertical, 45°, and 135° orientations in 

the interferometer aperture.  The figures below (3-9 through 3-12) show these profiles 

through the phase surface data. 
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FIGURE 3-9:  HORIZONTAL PHASE STEP MEASUREMENT 
 

 

 

 

FIGURE 3-10:  45-DEGREE PHASE STEP MEASUREMENT 
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FIGURE 3-11:  VERTICAL PHASE STEP MEASUREMENT 
 

 

 

 

FIGURE 3-12:   135-DEGREE PHASE STEP MEASUREMENT 
 

These data demonstrate the repeatability in transition minimum for measurement 

of a quarter-wave step.  This transition takes approximately three pixels to be realized, 
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and accounts for 114.4nm change over the span of these pixels.  This corresponds to a 

transition of approximately 0.181λ, or 0.06λ for one pixel.  It is interesting to make the 

comparison to the simulated calculation of phase step response as shown in Chapter 2.    

We see that the transition of the phase step for the 45° and 135° orientations 

experimentally verifies the predictions simulated for these orientations previously.  There 

is indeed a three pixel transition necessary for the phase step to be recognized by the 

interferometer.  There is a slight discrepancy in the experiment from the models shown 

for the horizontal and vertical step orientations, where the experimental data shows 

approximately a 2.5 pixel transition and the model predicts two pixels exactly necessary.  

This discrepancy may arise from issues including but not limited to slight angular 

orientation errors for the horizontal and vertical measurement positions or sampling 

errors in the software for such a steep transition for the two pixel cases.  The experiment 

follows closely with the simulation as one would expect.   
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3.5 RETRACE ERRORS 
 

Next we examine the effects of instrument retrace error on measurement 

accuracy.  The retrace error (a term most notably associated with common path 

instruments or aspheric element measurements) is an effect which is due to relative tilt in 

the test beam of the interferometer compared to the axial reference beam.  When the test 

beam returns through the optics of the system along a different path than the reference, 

there is an error due to ‘retracing’ the system differently for the two beams.  This stems 

from the fact that the optics may not have been designed for excellent performance over 

all fields related to test beam tilt when they are built using off the shelf parts.  The off the 

shelf parts may provide satisfactory performance for most cases, however there is some 

degradation in off axis performance compared to custom optics designs.  The trade-off is 

of course cost of goods for instrument production.   In order to produce a cost effective 

instrument, sometimes the trade for slightly lower quality at high angles of tilt must be 

made.    

In order to examine the effects of retrace in the system, we compared actual 

performance to the design specifications set out for the production of the instrument.  The 

interferometer was specified in the design phase to function at λ/4 P-V wavefront for 200 

fringes of tilt (100 waves of tilt between the test and reference beams in the 

interferometer).  The goal for the experimentation in this section was to determine if 

these design criteria were met in actual system performance while using the novel 
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pixelated phase-mask approach.  Below in Figure 3-13 we present a plot of peak-to-

valley wavefront error vs. test beam tilt for the instrument.   

 

 

FIGURE 3-13: RAW P-V INTERFEROMETER ERROR VS. TILT 
 

 

As stated above, the design goal for the instrument for P-V retrace error was 

0.25λ at 200 fringes of tilt.  The raw experimental data bears this out.  It is interesting to 

note the relative flatness of the PV error up to a point of nearly 50 waves of tilt across the 

aperture of the interferometer.  The PV value for 99% of the data is plotted below along 

with RMS retrace error in Figure 3-14A and 3-14B.  The figure demonstrates a similar 

functional relationship between PV and RMS numbers when the largest outlier data are 

eliminated (these are traditionally eliminated in metrology to factor in the possibility of 
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stray light, diffraction due to dust in the measurements, or bad camera pixels, for 

example). 

 

 

FIGURE 3-14A: INTERFEROMETER PV(99%) ERROR VS. TILT  
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FIGURE 3-14B: INTERFEROMETER RMS ERROR VS. TILT  

 

From these plots, we see that there is approximately a factor of five between the 

P-V and RMS wavefront errors.  That is, the P-V is approximately five times the 

equivalent RMS number for a smooth optical surface, which agrees with well known 

rules of thumb familiar in optical shop testing practices17. 
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3.6 MITIGATING EFFECTS OF AVERAGING 
 

This final section presents results which verify the theoretical predictions of the 

mitigating effects of averaging32,33, as they apply in the case of DPSI.  More specifically, 

these results were obtained making measurements using the micropolarizer array phase-

shifting technique.  In order to determine the effects of the error sources on real 

measurement data, a set of experiments was completed where a single measurement was 

compared to the averaged result of several measurements.  The goal was to show that 

averaging would help offset the double frequency errors associated with various 

component errors in the system as described in detail in chapter 2 of this work.  As the 

starting phase of these errors is changed via piston due to inherent vibration, the double 

frequency error in theory varies randomly and in the limit of a large number of 

measurements the double frequency fringes would average out via integration of 

sinusoids over a full period.  This is true so long as the vibration is sufficient to create 

piston over the entire range of starting phase values, and that the integration time is 

sufficiently small to freeze the measurements at each point within this range of starting 

phases.   

A flat mirror of good quality (λ/20 P-V) was measured for the experiment.  Figure 

3-15 shows the straight tilt fringes obtained using a pixelated interferometer and this flat 

reference mirror in a standard Fizeau test configuration, with common path optical 

system. 
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FIGURE 3-15: TILT FRINGES OBTAINED FROM FLAT MIRROR IN 
FIZEAU TEST CONFIGURATION. 

 

As can be seen from the fringes in Figure 3-15, the mirror is of relatively high 

quality and there is good fringe contrast.  The measurements made here were performed 

under a positive pressure flow hood with some air turbulence and vibration inherent in 

the setup due to the air flow motor.  A single measurement was taken and analyzed, in 

order to show the effects of fringe print through on the data.  This result is shown in the 

interferometer output below in Figure 3-16. 
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FIGURE 3-16: ANALYSIS OF SINGLE MEASUREMENT OF FLAT 
MIRROR. 

 

Note the rings due in part to stray diffraction around dust or possible spots on 

lenses in the instrument.  Note also the apparent fringe print through at twice the 

frequency of the tilt introduced in the test beam.  For the 3.5 fringes of tilt between the 

reference flat and the test mirror shown in Figure 3-15, we see approximately 7 fringes in 

double frequency print through in this measurement dataset.  In theory, when several 

measurements are averaged one would expect to see a decreased sensitivity to this type of 

error.  This is due to the change in relative starting phase imparted by the vibration from 
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the airflow hood or other environmental factors.  This change in starting phase causes an 

overall averaging to zero of the print-through as long as the starting phase varies over the 

entire 2π radians for input phase.  Figure 3-17 shows the resulting analysis data for an 

average of 16 measurements for the same flat mirror in the Fizeau test configuration.  The 

rings due to diffraction are again apparent, but the sinusoidal print through is reduced. 

 

 

 
FIGURE 3-17:  MULTIPLE MEASUREMENT AVERAGE DATA FOR FLAT 

MIRROR. 
 

As can be seen from Figure 3-17, there is only a small remaining indication of 

double frequency error in the interference between the test and reference beams.  The 
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overall shape of the surface remains the same with a P-V error on the order of λ/20.  

However, the sinusoidal shape of the print-through has been averaged out from the 

resulting data, reducing the overall magnitude of the measurement by 0.02λ (which came 

from the fringe print through reduction).  

The quantitative reduction of the double frequency errors through mitigation via 

averaging was determined by subtracting the fundamental aberration content from the 

measurements made, and comparing the two residual values for the difference in P-V 

error.  In this way, the averaged data set where fringe print-through has been significantly 

reduced is compared to the single measurement in order to determine the residual level of 

double frequency error left in the data.  The P-V reduction in the double frequency error 

was found to be on the order of 0.02λ.  
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CHAPTER 4: RESULTS SUMMARY AND DISCUSSION 

A study of a micropolarizer phase-shifting array for use in dynamic 

interferometry has been conducted, and factors limiting phase calculation accuracy have 

been explored.  These expected performance error levels are summarized in Table 4.1. 

 

Cause of Phase Error Expected Magnitude (P-V Waves) 

Single Micropolarizer Diattenuation 0.002 

QWP Axis Alignment Error (5 deg.) 0.002 

Single Polarizer Diattenuation Error (1%) 0.002 

Single Polarizer Element Rotation (1 deg.) 0.003 

Micropolarizer Array Rotation (1 pixel) 0.004 

3x3 Circular Calculation 0.005 

3x3 Stacked Calculation 0.05 

 

TABLE 4-1:  SHORT SUMMARY - ERROR SOURCES AND MAGNITUDES   

 

The largest error results from the 3x3 stacked calculation algorithm, while the 

majority of the errors are on the order of 0.002λ P-V in magnitude.  Because the stacked 

calculation algorithms are error sensitive, the circular arrangement of pixels has been 

chosen for commercial instrument production.  Through averaging of several 

measurements the effects of these errors can be reduced. 
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Precautionary measures can be taken during design and production to optimize 

instrument performance.  Some of these precautions are specification of high quality 

optics and anti-reflection coatings, incoming inspection of components, and cleanliness in 

the assembly area.  Reverse flow vacuum hoods help maintain low particulate levels, 

which minimizes stray irradiance due to scatter and diffraction from contaminants.  

Through minimization of the sources of error, highly accurate systems have been 

constructed. 

In conclusion, the micropolarizer phase shifting array is a promising technique for 

use in simultaneous interferometry instruments both currently and for future 

development.  Work is currently being done on a path-matched interferometer with a 

variable coherence source.  This system would work for measurements requiring low 

coherence or white light.  This is appealing for profilometry and applications where test 

parts are extremely thin or have highly parallel optically polished surfaces.  An additional 

benefit of short coherence sources is a reduction in coherent noise (spurious fringe) 

effects.  Future work may involve optimization of phase calculations in order to minimize 

the associated errors, as well as exploration of other instrumentation applications for the 

micropolarizer array phase shifting technology.   The inherent benefits of the insensitivity 

to vibration, phase calculation resolution and wavelength independence have resulted in a 

commercially successful technique. 
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