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An edge response characterization technique to predict the ITF of an interferometer using non-
interferometric measurements has been shown to be effective. This technique eliminates the need for 
phase objects to be used in the characterization process. Using coherent imaging with an irradiance 
sensitive detector and an irradiance step as a characterization artifact to determine an interferometer’s ITF 
was proven viable for diffraction limited, defocused, astigmatic, and spherically aberrated systems. 
Simulations and collected data demonstrated agreement between the interferometric edge response 
characterization technique results and coherent imaging edge response characterization technique results. 
The effect that aberrations have on ITF curves has been investigated in this thesis and an understanding of 
the system behavior under aberrated conditions was investigated.  
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1     INTRODUCTION 

 Understanding the transfer function of interferometers is essential to their appropriate 

implementation in the field. Knowing performance characteristics—like spatial frequency resolution 

limitation and the degree of accuracy of optical measurements—can help engineers decide if their 

measurement technique will return useful results. Transfer functions help the optics community determine 

the limitations of interferometers. Characterizing interferometers helps to guide the proper usage of these 

systems, but applying transfer function theory comes with the assumption that interferometers behave 

linearly. This leads to the questions of whether interferometers are in fact linear. Linearity is rooted in the 

idea that for one input frequency, the same frequency will be output with only its amplitude and spatial 

phase altered. For an interferometer to be considered linear, the interferometer must satisfy the definition 

of linearity. Interferometers exhibit conditional linearity (de Groot, 2005), where they can be treated as 

approximately linear systems. Using the linearity approximation allows for the system to be defined by a 

transfer function. 

 There are many techniques for determining the transfer function of an optical system. These 

techniques range in degree of completeness and complexity of measurement. Power spectral density 

measurements have often been employed in the field of interferometry as a characterization technique 

(Novak, 1997). This is an effective way to characterize an interferometer, but requires a well calibrated 

test part. The edge response technique is also frequently used in the field of interferometry, but likewise 

requires a calibrated test part, where a phase map measurement of the surface is collected and analyzed to 

determine the transfer function. A way to simplify the characterization process is to use coherent imaging 

irradiance measurements, collected using the interferometer with the reference arm blocked, to predict 

interferometric performance (Zhou, 2014). Zhou’s technique, referred to here as the coherent imaging 

characterization technique, simplifies the characterization of interferometers, because interferometric 

measurements would not be needed to determine the transfer function of the optical system. The present 

study looks to determine the limitations of using coherent imaging edge response measurements, a 

traditional technique, to characterize an interferometer. There is a problem with using the coherent 
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imaging characterization techniques if the technique is limited to only certain optical systems, therefore 

different classes of interferometers must be studied to confirm the viability of the coherent imaging 

characterization of interferometers.  

 In order to use the coherent imaging edge response technique to characterize an interferometer, 

the relationship between interferometric edge response measurements and coherent imaging edge 

responses must be investigated. De Groot showed that these two types of edge response techniques 

produced similar transfer functions for diffraction-limited systems. This study will look at how 

aberrations, F-number, and defocus may contribute to a breakdown in the ability of the coherent imaging 

edge response technique to accurately characterize an interferometer’s transfer function. By controlling 

each of these factors and observing the agreement between interferometric edge response measurements 

and coherent imaging edge response measurements, a determination can be made about whether this 

characterization technique can replace existing techniques. The use of a coherently imaged, amplitude 

edge artifact to characterize an interferometer will be shown to be much simpler than using a step edge 

characterization process. This study hopes to further legitimize the coherent imaging characterization 

technique by investigating its performance with different optical systems.  
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2     THEORETICAL BACKGROUND 

 Optical systems have the convenient property of behaving linearly or approximately linearly. 

That is to say, that as the input to the system increases, the output also increases by the same amount. The 

optical system performs an operation on an input and produces an output. For imaging purposes, the input 

can be the irradiance or the electric field of the object that is being imaged and the output is light from the 

object that has passed through the optical system. Linear systems theory states that as the output from the 

object increases the system’s output will also increase, given that the system behaves linearly. This idea 

continues on to state that if the input is broken up into smaller pieces that are individually amplified in 

intensity and those pieces were passed through the system, the summation of the output pieces would 

produce the same result as if the amplitude of the input were increased as a whole. Mathematically, a 

linear operator ℒ satisfied the following relationship: 

 ℒ 𝛼#𝑓# 𝑥, 𝑦 + 𝛼)𝑓)(𝑥, 𝑦) = 	𝛼#ℒ 𝑓#(𝑥, 𝑦) + 𝛼)ℒ 𝑓) 𝑥, 𝑦  (1) 

where ℒ is the linear operator representing an optical system, 𝑓# 𝑥, 𝑦  and 𝑓)(𝑥, 𝑦) are the input functions, 

𝛼# and 𝛼) are scalar factors. Since most optical systems behave linearly the above equation can be 

discussed using the definition of each of the terms as they might appear in the world of optics. 𝑓#(𝑥, 𝑦) 

and 𝑓)(𝑥, 𝑦) represent a distribution of light entering an optical system, while 𝛼# and 𝛼) represent the 

amount of light coming from each of the light sources. The optical system, let’s say a camera lens, is 

represented using ℒ and the output that the film inside of the camera sees is represented by ℒ 𝑓#(𝑥, 𝑦)  

and ℒ 𝑓) 𝑥, 𝑦 , which can also be written as 𝑔# 𝑥, 𝑦  and 𝑔)(𝑥, 𝑦). The scene of the image can be 

defined as 𝑓# 𝑥, 𝑦 + 𝑓)(𝑥, 𝑦) being passed through the optical system as a whole or the scene can be 

represented as the individual components of 𝑓 passing through the optics. This concept can also be shown 

through manipulation of the wave equation, where a perturbation in a wave field or input scene can be 

treated as the summation of the individual points being perturbed before or after the linear operation has 

been performed. This is the idea of superposition, which helps describe the mathematic behavior of light. 

This of course looks familiar, as linearity is just an extension of this concept of superposition.  
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A superposition integral, with a linear operator, alters a wavefront point-by-point. The sifting 

property of the delta function infinitely samples an input function, reproducing it as an exact replica. 

Using this, it can be shown that performing a linear operation on a wavefront is a specific application of 

the superposition principle; the linear operation performed across a whole wavefront will produce the 

same result as performing the linear operation on individual points along the wavefront. Observing the 

math, if a field, here shown as a one dimensional field for simplification, 𝑓(𝑥), is infinitely sampled using 

our sifting property 

 𝑓 𝑥 = 𝑓 𝛼 𝛿 𝑥 − 𝛼 𝑑𝛼 (2) 

the input function is reproduced. If a linear operator is applied to the sifting integral 

 𝑔 𝑥 = ℒ 𝑓 𝑥 = ℒ 𝑓 𝛼 𝛿 𝑥 − 𝛼 𝑑𝛼  (3) 

linear systems theory can be used to show the linear operator acting on every point of the wavefront 

 𝑔 𝑥 = ℒ 𝑓 𝑥 = 𝑓 𝛼 ℒ{𝛿 𝑥 − 𝛼 }𝑑𝛼 (4) 

By applying the superposition principle, it can be demonstrated how a system responds to a delta-function 

input. This can lead to defining the linear operator of the system, which can help predict what the outputs 

will be. The integral is rewritten as: 

 𝑔 𝑥 = ℒ 𝑓 𝑥 = 𝑓 𝛼 ℎ 𝑥 − 𝛼 𝑑𝛼 (5) 

There is ℎ(𝑥), which is the impulse response function, the system’s behavior when a delta function input 

is passed through the system. The above integral is called a convolution. Imaging systems produce an 

altered version of the object by convolution of the object with the system’s impulse response. The integral 

can also be written as such: 

 𝑔 𝑥 = 𝑓 𝑥 ∗ ℎ(𝑥) (6) 

Convolving the impulse response with the object is one description of what happens when an optical 

system creates an image of a scene. Using the convolution is a helpful way of determining the output of a 
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system that is being acted upon by a linear operator, but this of course is contingent on the system being 

linear in the first place. 

 While linearity is an important component of defining an optical system, in order for 

convolutions to be performed it must be confirmed that the impulse response function does not operate 

differently on other areas of the object plane. If, for example, input signal, 𝑓(𝑥), is moved to location to 

𝑓(𝑥 − 𝑥#), the output should change from 𝑔(𝑥) to 𝑔(𝑥 − 𝑥#), with the only observable change being in 

position of the output, while the functional form of 𝑔 𝑥  is well maintained. This concept is called shift-

invariance and is a crucial part of defining an optical system’s behavior. Linearity confirms that as parts 

of an input signal are adjusted in magnitude that the output will also increase, while shift-invariance says 

that a signal that is moved to a different location will similarly move in the output domain of the system. 

A lot of optical systems satisfy linearity and shift-invariance and are referred to as linear shift-invariant 

(LSI) systems. In some cases, LSI approximations for a single optical system are applied for different 

conditions of imaging, such as for a specific field height. Different field heights sometimes produce 

varying system behavior so LSI trends can be applied for each field height and the system will still be 

considered LSI. The combination of linearity and shift-invariance is shown as: 

 𝛼#𝑔# 𝑥 − 𝑥# + 𝛼)𝑔) 𝑥 − 𝑥) = ℒ{𝛼#𝑓# 𝑥 − 𝑥# + 𝛼)𝑓)(𝑥 − 𝑥))} (7) 

Where the LSI operation, ℒ, is acting on scaled and shifted input functions, 𝑓# and 𝑓), and producing a 

shifted and scaled output (Gaskill, 1978). If the operator did not satisfy LSI approximations, then the 

output would not appear with the same scaled and shifted nature.  

 Linear shift-invariance allows the optics community to utilize the convolution to describe optical 

systems acting on an input, but it also allows for utilization of the Fourier transform. These mathematical 

tools are only able to be utilized if the LSI approximation is reasonable for the optical system. Like 

convolutions, understanding the Fourier transform is equally essential to one’s comprehension of optical 

imaging. Fourier transforms allow for the representation of inputs in a system as the infinite summation of 

sine and cosine waves. The Fourier transform is mathematically defined as 
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𝐹 𝜉 = 	 𝑓 𝑥 𝑒9:);<=𝑑𝑥

>

9>
 

(8) 

A Fourier transform produces a frequency representation of a signal, where the signal in equation (8) is 

represented as 𝑓(𝑥) and the frequency representation is 𝐹(𝜉). Convolution theorem is a root concept in 

Fourier mathematics, because it lets the convolution in equation (6) be written instead as the Fourier 

transform of the product of the frequency representation of the two functions being convolved, as long as 

linear-shift invariance is confirmed. That is to say, 

 𝑔 𝑥 = ℱ ℱ 𝑓 𝑥 ℱ ℎ 𝑥 = ℱ{𝐹 𝜉 𝐻 𝜉 } (9) 

where 𝐹(𝜉) and 𝐻(𝜉) represent the Fourier transform or frequency representation of the signals 𝑓(𝑥) 

and	ℎ(𝑥). The convolution theorem converts a convolution process into a multiplication process. In the 

same way that a Fourier transform represents a function as an infinite summation of sine and cosine 

waves, the output of a convolution is just the altered amplitude and spatial phase of each of the infinite 

sine and cosine wave inputs. If a single spatial frequency object is observed passing through an optical 

system that satisfies LSI approximations, the output will be the same frequency with only its amplitude 

and spatial phase having been altered. This alteration occurs when the frequency representation of the 

input object is multiplied by the frequency representation of the impulse response function. The Fourier 

transform of the impulse response function is called the transfer function. This name is used because the 

multiplication of the transfer function with the frequency content of the input directly describes what the 

output will be for every frequency. By knowing the exact way each frequency is affected by the system, it 

can now be predicted what the output of the system will be for every input. Transfer functions of the type 

described above are LSI in nature and should only be applied to LSI systems. If applied to systems with 

non-LSI behavior, the output could be something completely unpredictable. Occasionally, however, 

approximations can be made when handling non-LSI systems that can allow them to be treated as LSI 

under certain conditions. Ultimately, determining the transfer function of an optical system can aid in 

understanding a system’s capabilities and, in turn, its limitations. Because of this, the usefulness of 

transfer function theory should not be understated.  
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2.1    Transfer functions in optical systems  

There exist different transfer functions for different types of optical systems. These types are 

coherent, incoherent and partially-coherent optical systems (the focus of this discussion will not, however, 

include partially-coherent systems). To define the difference between coherent and incoherent systems, a 

more in depth discussion of the two types of coherent behavior, spatial and temporal coherence, should be 

undertaken. Spatial coherence states that if a wavefront is frozen in time, there is a high statistical 

probability that, if the electric field phase is known at one point on a wavefront, the electric field phase 

can be determined at another point near the point of known phase. Temporal coherence means that if the 

electric field phase at some time, 𝑡 = 0, is known, that it is statistically probable to accurately predict the 

electric field phase of the same wavefront a certain amount of time later. Incoherent systems do not 

exhibit the same statistical probability of accurately identifying the electric field phase of a wavefront, 

spatially or temporally. With this difference in mind, it should be noted that the two types of systems, 

coherent and incoherent, still behave linearly, just in different ways. Electric field phase is uncorrelated in 

incoherent systems, because there is a low statistical probability of being able to know how it changes 

temporally or spatially. The light adds linearly with respect to the irradiance being transmitted through the 

system. This is in units of 𝑊 𝑚). Coherent systems add linearly with complex amplitude or electric 

field, in units of 𝑉 𝑚.  

 With electric field adding linearly, the imaging convolution is defined for coherent systems as  

 𝑢: 𝑥, 𝑦 = ℎ 𝑥, 𝑦 ∗ 𝑢G(𝑥, 𝑦) (10) 

where 𝑢G 𝑥, 𝑦  is the electric field of the object, ℎ(𝑥, 𝑦) is the coherent impulse response or coherent PSF 

(point spread function), and 𝑢: 𝑥, 𝑦  is the electric field at the image plane. For incoherent systems, 

linearity with respect to irradiance means that the input to a system is represented as 

 𝐼G 𝑥, 𝑦 ∝ 𝑢G 𝑥, 𝑦 ) (11) 

where 𝑢G(𝑥, 𝑦), is the electric field of the object and 𝐼G(𝑥, 𝑦) is the irradiance. The magnitude squared of 

the electric field will cause the phase information of the electric field to be lost, but the phase is not 
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statistically predictable in the first place, so this action, while throwing away information, allows the 

benefits of linearity to be obtained. This linearity with respect to irradiance will also change the impulse 

response function for the incoherent case. The imaging convolution becomes  

 𝐼: 𝑥, 𝑦 = 	 ℎ 𝑥, 𝑦 ) ∗ 𝐼G 𝑥, 𝑦 = ℎ:JK 𝑥, 𝑦 ∗ 𝐼G(𝑥, 𝑦) (12) 

with the magnitude, squared of the coherent impulse response function representing the incoherent 

impulse response function, or incoherent PSF, and 𝐼:(𝑥, 𝑦) represents the irradiance at the image plane.  

 It is clear how the imaging convolutions are different for the two types of systems. By observing 

the differences in the impulse response functions, it can be inferred that the transfer functions are clearly 

different as well. For the coherent case, there is 

 𝐻 𝜉, 𝜂 = 	ℱ{ℎ 𝑥, 𝑦 } (13) 

or the Fourier transform of the coherent impulse response function. The incoherent transfer function is the 

normalized magnitude of the Fourier transform of the incoherent impulse response: 

 
𝐻 𝜉, 𝜂 = 	

ℱ ℎ 𝑥, 𝑦 )

ℱ ℎ 𝑥, 𝑦 )
<MN,OMN

 
(14) 

This transfer function is called the modulation transfer function (MTF). The magnitude of the function is 

used because the MTF acts as a metric for defining the ability of a LSI system to represent the modulation 

of an output signal as compared to the absolute modulation of the input. The magnitude and normalization 

of the MTF is to emphasize its relation to the true modulations of the object, as this value can range from 

0 to 1 in an MTF plot, with 0 representing no modulation and 1 representing a perfect recreation of the 

input modulation level. The functional definition of the MTF is mathematically different from that of the 

coherent transfer function and a comparison of their operational behavior further emphasizes those 

differences. First, however, an understanding of the origin of the impulse response should be gleaned 

through an investigation of diffraction. 

 Optical systems never produce perfect replicas of the scene they are imaging. No matter the 

quality of the lenses, the finite nature of the optical system’s stop diameter will always be the cause of 

some sort of decay in image quality. A finite stop diameter limits frequency information that passes 
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through the optical system, thus eliminating a degree of detail. If the stop diameter of the optical system 

were of infinite diameter, then all frequency information would pass through the optical system and all 

detail could be retained.  Another important point is that the edge of the system’s stop disturbs the light as 

it travels, blocking some of the spatial frequency information and allowing the effected wavefronts 

through the system. This disturbance in the wavefront causes the superposition integral after the system 

stop to be altered with diffraction as the result. Huygen’s principle states that each point along a 

wavefront can be treated as an individual point source radiating outward (Hecht, 2002). Diffraction can be 

thought of as the superposition of all of the individual point sources radiating outward after interacting 

with an optical system’s finite stop. The resulting interaction with the stop causes light to spread out, 

creating an imperfect image due to the aperture blocking frequency content from reaching the image 

plane. When viewing a star with a telescope, there is a reason that the star does not look like a single point 

in a photograph, this is due to diffraction, which creates ripples around the point object due to the super 

position integral being altered by light interacting with the stop. This affects all optical systems and is 

always a consideration during the design process, but diffraction can never be eliminated. Design 

engineers must balance the speed of an optical system with the effects of diffraction.  

Diffraction and the finite nature of the stop diameter of optical systems is the reason that the 

impulse response function, the system’s reaction to a delta-function input, does not actually produce a 

delta-function output. Under certain imaging conditions, outlined in Gaskill’s text, the Fourier transform 

can predict the effects of diffraction. Meeting the imaging conditions, the coherent impulse response 

function is simply the Fourier transform of what is called the pupil function. The pupil function is defined 

as the amplitude transmission and optical path length (OPL) alteration behavior of the system at the 

aperture stop. Aberration content in optical systems induces OPL changes to the expected travel distance 

of light, based on first order optical principles and calculations. If the system in question has a circular 

aperture stop with aberration content, then the pupil function will be defined as 

 𝑃 𝑥, 𝑦 = 	𝑐𝑦𝑙
𝑟
𝑑
𝑒:
);
T U(V,W)		 (15) 
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where the cylinder function defines the amplitude cutoff of the aperture stop and W represents the change 

in OPL due to aberration content, in units of waves. Consider for a moment that if the system is 

diffraction limited, or not greatly affected by aberration content, then the system’s pupil function can be 

defined as purely a cylinder function with constant amplitude and no phase variation. The Fourier 

transform of this pupil function will lead to the coherent impulse response function and from there other 

quantities can be derived, such as the incoherent impulse response function, the coherent transfer 

function, and the incoherent transfer function.  

 If the impulse response function for a diffraction limited system is compared for both coherent 

and incoherent systems, there is 

 ℎ 𝑥, 𝑦 = ℱ 𝑃 𝜉, 𝜂 = 	𝑠𝑜𝑚𝑏(𝑥, 𝑦) (16) 

for the coherent case and  

 𝑃𝑆𝐹 = 	ℎ:JK(𝑥, 𝑦) = ℎ 𝑥, 𝑦 ) = ℱ 𝑃 𝜉, 𝜂 ) = 	 𝑠𝑜𝑚𝑏)(𝑥, 𝑦)  (17) 

for the incoherent case. The sombrero function is defined in polar coordinates as 

 
𝑠𝑜𝑚𝑏

𝑟
𝑑

=
2𝐽#

𝜋𝑟
𝑑

𝜋𝑟
𝑑

 
(18) 

Where 𝐽# is a first order Bessel function of the first kind (Gaskill, 1978). Fundamentally these are 

different forms. Taking this a step further, the transfer function can be determined. There is 

 𝐻 𝜉, 𝜂 = ℱ ℱ 𝑃 𝜉, 𝜂 = 	ℱ 𝑠𝑜𝑚𝑏 𝑥, 𝑦 = 𝑐𝑦𝑙(𝜉, 𝜂)  (19) 

for the coherent case. A cross section of this produces a Rectangle function. For the incoherent case, there 

is 

 ℱ{𝑃𝑆𝐹} = 	ℱ ℎ:JK 𝑥, 𝑦 = ℱ{ ℎ 𝑥, 𝑦 )} = ℱ{ ℱ 𝑃 𝜉, 𝜂 )} = ℱ{𝑠𝑜𝑚𝑏)(𝑥, 𝑦)}

= ℱ 𝑠𝑜𝑚𝑏 𝑥, 𝑦 	×	𝑠𝑜𝑚𝑏 𝑥, 𝑦 = 	𝑐𝑦𝑙 𝜉, 𝜂 ∗ 𝑐𝑦𝑙 𝜉, 𝜂  

(20) 

where the convolution theorem is employed. Looking at a graphical representation of these two transfer 

functions and how they differ, it may begin to be understood how incoherent and coherent systems 

produce different behavior. Modulation in the plot corresponds to the system’s ability to accurately 
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reproduce the same amplitude level of the input information, whether it be irradiance of a scene or electric 

field information. As was previously stated about the MTF and transfer functions, a modulation of one 

represents a perfect reproduction of the input and zero means that no modulation is observed at that 

frequency. The coherent transfer function shown is a cross section of the cylinder function. This shows 

that for spatial frequencies up to 4 (this is an arbitrary unit) all information is transferred through the 

system without degradation in modulation. Coherent transfer functions have a distinct frequency, at which 

no information higher than that frequency will pass through the system, called the cutoff frequency. At 

higher frequencies this system has a modulation of 0. In contrast, the incoherent transfer function, the 

convolution of two cylinder functions, has a higher cutoff frequency, but experiences a drop in 

modulation immediately. The transfer functions are clearly different, despite them emerging from the 

same pupil. As described earlier, in optics, the coherence or incoherence of the light passing through the 

system will greatly affect the transfer function. 

 

Figure 1:Transfer function for a circular pupil in a coherent and an incoherent system 
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2.2    Transfer function characterization  

There are many ways to determine the modulation trends of an optical system, each having its 

own inherent challenges and producing different degrees of completeness. Imaging an Air Force 

Resolution Target can determine the modulation of single frequency bar targets with respect to other 

frequency bar targets being imaged, in order to build up a piecewise map that trends similar to that of an 

MTF plot. Imaging a Star Target can return general information about modulation and phase reversal as 

the spokes of the star target are observed. Imaging single frequencies can return important modulation 

information about a system’s capabilities imaging single frequencies. Using a point source is another 

method for modulation characterization that will return the impulse response function and can be Fourier 

transformed to give the transfer function of the system. All of these techniques have their advantages and 

disadvantages. Imaging a point source returns a complete representation of system information, but signal 

to noise ratio can easily become an issue. An alternative to imaging a point source is imaging an edge, 

which is called an edge response measurement. An edge provides a plane to integrate across, making 

noise less of a concern as it is averaged out when integrating across the imaging of the edge. While this 

does not return the transfer function directly, a derivative, followed by a Fourier transform can be taken, 

resulting in a cross-section of the transfer function, which will be discussed in detail. An edge is defined 

as a discontinuity in the object being imaged, such as a step function with high irradiance on one side of 

the step and low irradiance on the other side of the step. This can be as simple as a white piece of paper in 

front of a black background, where the contrast of the edge of the paper and the background of the scene 

create an edge discontinuity, which is then imaged by the optical system. These types of edges will be 

called amplitude edges and amplitude objects, because they have irradiance variation over the edge 

junction. Characterizing a system by imaging an edge is called the edge response technique and has been 

extensively used to determine transfer function behavior (Barakat, 1965). 

 The mathematics behind the edge response combines a few properties of linear systems that allow 

for a transfer function to be identified: the sifting property of the delta function, the derivative property of 

convolutions and the Fourier transform relation between the PSF and MTF. If the object is defined as an 
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edge (step-like), when imaged with the optical system there are two knowns: the object and the image. By 

observing the convolution that defines imaging, it is clear that the only unknown is the PSF.  

 𝐼: 𝑥, 𝑦 = 𝐼G 𝑥, 𝑦 ∗ ℎ:JK(𝑥, 𝑦) (21) 

The incoherent point spread function is defined as ℎ:JK 𝑥, 𝑦 , while the object and image are defined by 

𝐼G and 𝐼:, respectively. This equation can be rewritten with the step included 

 𝐼: 𝑥, 𝑦 = 𝑠𝑡𝑒𝑝 𝑥 ∗ ℎ:JK(𝑥, 𝑦) (22) 

The derivative property of convolutions (Bracewell, 1965) shows that if 

 𝑓a 𝑥 = ℱ{𝑖2𝜋𝜉𝐹 𝜉 } (23) 

and 

 𝑓 𝑥 ∗ 𝑔 𝑥 = ℱ{𝐹 𝜉 𝐺 𝜉 } (24) 

then 

 𝑓a 𝑥 ∗ 𝑔 𝑥 = ℱ{ 𝑖2𝜋𝜉𝐹 𝜉 𝐺 𝜉 } (25) 

and 

 𝑓 𝑥 ∗ 𝑔′(𝑥) = ℱ{𝐹 𝜉 𝑖2𝜋𝜉𝐺 𝜉 } (26) 

and 

 𝑑
𝑑𝑥

[𝑓 𝑥 ∗ 𝑔 𝑥 ] = ℱ{𝑖2𝜋𝜉 𝐹 𝜉 𝐺 𝜉 } 
(27) 

which means 

 
𝑓a 𝑥 ∗ 𝑔 𝑥 = 𝑓 𝑥 ∗ 𝑔a 𝑥 = 	

𝑑
𝑑𝑥

[𝑓 𝑥 ∗ 	𝑔 𝑥 ] 
(28) 

This can be applied to the imaging convolution 

 𝑑
𝑑𝑥

𝐼: 𝑥, 𝑦 =
𝑑
𝑑𝑥

(𝑠𝑡𝑒𝑝 𝑥 ∗ ℎ:JK(𝑥, 𝑦) = [
𝑑
𝑑𝑥

𝑠𝑡𝑒𝑝 𝑥 ] ∗ ℎ:JK(𝑥, 𝑦) 
(29) 

The derivative of a step function is a delta function, which leads to a sifting convolution, where the delta 

function in this case is a two dimensional function that has no dependence on y. 

 𝑑
𝑑𝑥

𝐼: 𝑥, 𝑦 = 𝛿 𝑥 ∗ ℎ:JK 𝑥, 𝑦 = ℎ:JK(𝑥) 
(30) 
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This shows that the derivative of an image of an edge, which is called the line-spread function and is 

equivalent to a cross-section of the PSF of the incoherent optical system. The cross-sectional nature is 

based on the delta function only being dependent on the variable x. This cross-section of the PSF is easily 

Fourier transformed into the transfer function of the system along the axis the edge response was taken 

over.  

 ℱ
𝑑
𝑑𝑥

𝐼: 𝑥, 𝑦 = ℱ{ℎ:JK 𝑥 } = 	𝐻:JK(𝜉) 
(31) 

The edge response method is a simple and effective method for determining the transfer function of an 

optical system along a specific axis, orthogonal to the edge orientation. The technique described above 

works especially well for incoherent imaging systems, because there are added complexities when 

considering coherent systems.  

2.3    Coherent systems and the violation of LSI  

 This investigation focuses on the behavior of interferometers and determining how best to 

quantify and characterize their performance. First, however, an understanding of how and what an 

interferometer does must be established. Interferometers are usually coherent systems. The coherent 

nature of theses systems allows them to use the wave nature of light to determine wavelength level optical 

path length differences between two wavefronts. When two wavefronts are added together, the peaks and 

valleys of the electric fields constructively and destructively add to give bright and dark regions of light. 

These regions are called fringes and this effect is called interference. The two wavefronts of light interfere 

with each other through a superposition of wavefronts. The change in brightness of the fringes is used to 

determine the OPL difference between the wavefronts. In this sense, the input to an interferometer is OPL 

difference between the incoming wavefronts, encoded as irradiance variation in the fringes, and the output 

is the OPL information that is measured by the optical system. Looking at the math a little closer, there 

are two wavefronts: 

 𝐸# 𝑟, 𝑡 = 	𝐴#𝑒:(ij∙l9mjnopj); 	𝐸) 𝑟, 𝑡 = 	𝐴)𝑒:(ir∙l9mrnopr) (32) 

When added together, the sum is 
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 𝐸n = 𝐸# 𝑟, 𝑡 + 𝐸) 𝑟, 𝑡 = 	𝐴#𝑒:(ij∙l9mjnopj) + 𝐴)𝑒:(ir∙l9mrnopr) (33) 

At the detector the irradiance is observed as  

 𝐼 = 	 𝐸n) s = 	 𝐸#) + 𝐸)) + 2𝐸# ∙ 𝐸) s = 𝐼# + 𝐼) + 𝐼#) (34) 

This can be broken down as 

 𝐼 = 𝐼# + 𝐼) + 𝐼#) = 𝐼# + 𝐼) + 𝐴#𝐴) cos 𝑘# ∙ 𝑟 − 𝑘) ∙ 𝑟 + 𝜙# − 𝜙)  (35) 

The expression inside of the cosine is just the OPL difference between the two wavefronts at different 

points along the wavefront and can be simplified to just 𝛷.	The goal is to be able to determine this term, 

𝛷. If one of the wavefronts is accurately know, then it can be used as a reference to be compared with the 

other wavefront it is interfering with. By having one of the wavefronts well characterized, known as the 

reference wavefront, the quantity, 𝛷, is easily calculated. These measurements of 𝛷, obtained using phase 

shifting interferometry (PSI), the technique used in this experiment, will only form a continuous map 

defining the surface of a test wavefront if the OPD between adjacent measuremetns is less than T
)
. The 

algorithm used to calculate 𝛷 will experience an inability to calculate a continuous surface structure if 

this condition occurs. This is one condition that limits the true linearity of interferometry. By 

understanding the limitations of the conditional linearity of interferometry, this field can effectively 

employ LSI systems theory to define theses systems with transfer functions, as long as the conditions are 

met.  

 Interferometry breaks LSI due to diffraction and due to its measurement of phase. Diffraction can 

distribute optical power in a way that creates higher order diffraction frequencies. Considering the 

example of a single frequency phase grating, when light passes through the grating the light is distributed 

into the +1 and -1 orders, representative of the fundamental frequency, but light is also spread into higher 

diffraction orders. The creation of more frequencies, besides the fundamental frequency, is not a linear 

process, so defining the transfer function of an optical system that is experiencing non-linear inputs will 

not work. The power distribution of the diffraction orders can be altered, however. By limiting the depth 

of the phase grating to very shallow depths, ≪ T
|
, the power distribution of the diffraction pattern will be 
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primarily in the +1 and -1 order (de Groot, 2005). By tuning the phase of the object, LSI can be 

approximated for interferometry and linear systems theory can be applied.  

Interferometers try to sense the phase of the incoming object by comparing it to the known 

wavefront of another object, as was described earlier. While these instruments are attempting to solve for 

phase, the mathematics of equation (33) show that electric field is what is being added when wavefronts 

combine. Interferometry is a coherent process, which means that complex amplitude of the electric field 

adds linearly, this is why electric fields are seen being added together when the mathematics were 

described (Goodman, 2005). Interferometry demonstrates nonlinear behavior because the linear process is 

not concerning the phase, despite the fact that the output of an interferometric measurement is a phase 

measurement. Phase does not add when two wavefronts interfere, the electric field adds. If the scenario is 

considered where two vectors, 𝐸# and 𝐸), are added together: 

 𝐸# + 𝐸) = 𝐴#𝑒:pj + 𝐴)𝑒:pr (36) 

The resulting phase of the two added vector is not simply 𝜙# + 𝜙), but is a complex expression. From 

this standpoint, despite the fact that interferometry solves for phase, the addition of electric fields does not 

lead to a LSI combination of phases. In the same way that approximate LSI was applied to the diffractive 

effects of interferometry, if there are small changes in angle between surface features, the addition of 

electric field can translate to an approximate linear addition of phase. In this way, conditional LSI 

behavior can be achieved.  

With the knowledge of the LSI approximations, interferometers can be characterized with transfer 

functions, but these are defined somewhat differently since their behavior is not a purely LSI process. The 

instrument transfer function (ITF) is often used to describe the transfer function-like behavior of non-

traditional optical systems. A transfer function is a description of a linear operator that defines a system’s 

effect on an input and due to the conditional LSI of interferometers, the optics community has chosen to 

describe the system’s behavior with a transfer function, ITF. Since interferometers can approximate LSI 
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behavior under certain conditions, defining their behavior with a transfer function is appropriate and 

useful for discussions of performance characterization.  

While interferometry can be approximated as LSI under certain conditions, non-linearity in 

traditional imaging systems with coherent illumination cannot be defined with conditional linearity. The 

detector used in traditional imaging systems is sensitive to irradiance. Incoherent optical systems add 

linearly with irradiance, so the detection of incoherent light is a linear process, but with coherent imaging, 

the addition of electric field is what is considered a linear process. The detector’s sensitivity to irradiance 

eliminates the phase content of the electric field by sensing only the irradiance of the incident radiation. 

The detector’s sensitivity to only irradiance is a quadratic operation 

 𝐼 𝑥, 𝑦 ∝ 𝐸(𝑥, 𝑦) ) (37) 

A coherent imaging system is therefore not linear if an irradiance sensitive detector is used. Using a 

transfer function to define a coherent imaging system’s behavior seems ill-advised due to the violation of 

LSI. For the purposes of this discussion the observed behavior when characterizing these non-linear 

systems shall be called the faux transfer function (fauxTF), in order to establish a name for the result, but 

also to emphasize the violation of LSI. 

Linearity is violated at the detector plane for coherent imaging systems. Up until the detector, 

however, coherent imaging is linear with electric field. This means that if the quadratic effect of the 

detector can be undone the linear coherent behavior of the system can be determined. Back-tracing the 

linear electric field behavior will lead to the coherent transfer function. Undoing the quadratic operation 

that occurs at the detector becomes a problem only if there is non-negligible phase information in the 

coherent PSF. If there is non-negligible phase content in the coherent PSF, usually due to aberrations or 

defocus, phase information is lost at the detector plane. Referencing 	

 ℱ{𝑃𝑆𝐹} = 	ℱ ℎ:JK 𝑥, 𝑦 = ℱ{ ℎ 𝑥, 𝑦 )} = ℱ{ ℱ 𝑃 𝜉, 𝜂 )} = ℱ{𝑠𝑜𝑚𝑏)(𝑥, 𝑦)}

= ℱ 𝑠𝑜𝑚𝑏 𝑥, 𝑦 	×	𝑠𝑜𝑚𝑏 𝑥, 𝑦 = 	𝑐𝑦𝑙 𝜉, 𝜂 ∗ 𝑐𝑦𝑙 𝜉, 𝜂  

(20) 

, the transfer function of a coherent imaging system is considered unity until the cutoff frequency. 

This means that the amplitude of the electric field is completely maintained in that region of the 
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frequency domain. With aberration content, phase terms appear as part of the pupil function that defines 

the optical system. The Fourier transform of the pupil function, eq. (16), returns the impulse response for 

electric field content, or what has been called the coherent PSF. In the presence of different values of the 

Seidel aberrations, the coherent PSF is a complex function with non-negligible phase content. This means 

that, through the use of an irradiance sensitive detector, phase information in the coherent PSF is lost.  

In relation to the research done here, the edge response for a coherent imaging systems  

 𝐼 𝑥, 𝑦 = ∫ ℎKG~ 𝑥, 𝑦 𝑑𝑥
)
 (38) 

where ℎKG~(𝑥, 𝑦) is the coherent PSF and the integral represents the coherent PSF being convolved with 

the edge used in the characterization. At the detector the magnitude-squared of the coherent edge 

response, represented as the magnitude squared operator in equation (38), eliminates the phase term of the 

electric field. Unless the system has negligible phase information in the coherent PSF, the coherent 

transfer function cannot be determined. This places clear limitations on the edge response technique, in 

the sense that the output is not representative of a transfer function. It should be understood initially that 

the edge response technique does display linear behavior, but the non-LSI behavior of coherent imaging is 

what breaks the LSI of the edge response technique. Looking at this in more detail, to extract the coherent 

PSF from an edge response measurement the following equation is used 

 
ℎKG~ 𝑥, 𝑦 =

𝑑
𝑑𝑥

𝐼 𝑥, 𝑦  
(39) 

𝐼(𝑥, 𝑦) represents the image on the detector when taking an edge response measurement and is also the 

output of equation (38). In order to access the coherent PSF, the quadratic operation performed at the 

detector must be undone and the derivative must be taken to get from the edge response function to the 

line response function. The non-linearity of the detector can be undone using the square-root operator, but 

only if the phase content in the coherent PSF is small, meaning the amplitude component of the coherent 

PSF is well representative of the coherent PSF without the phase information. This means that in order to 

satisfy LSI behavior, the following condition must be met 
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   ℱ{ℎKG~ 𝑥 } ≈ ℱ =

=V
∫ ℎKG~ 𝑥, 𝑦 𝑑𝑥

)
 

(40) 

Equation (40) demonstrates a condition where, if the Fourier transform of the coherent PSF is 

approximately equal to the edge response, where phase content is eliminated, then the coherent imaging 

system can be characterized using quadratic back-tracing of the detector behavior. This seems obvious, 

that the edge response should return the function that it is intended for it to return, but the non-LSI 

behavior demands that this condition be observed. With the behavior of the detector in mind, it should 

make wary the scientist employing linear systems theory approaches to coherent imaging systems. This 

begs the question, if the coherent imaging system contains significant phase content, does the the output 

of the edge response return something that is representative of the system behavior? This is one of the 

questions being asked in this experiment: despite the non-LSI behavior of coherent imaging, can a 

coherent imaging edge response return information that represents the edge response behavior of the same 

system using PSI? The research presented here hopes to determine criteria under which an edge response 

from a coherent imaging system that experiences phase loss at the detector can be used to give pertinent 

information about an interferometer’s conditional linearity and ITF. An effort to understand the meaning 

of the fauxTF, derived from an edge response function with a significantly complex coherent PSF, will 

also be made throughout this work, but studying non-linear systems often proves challenging. Examining 

the relationship between interferometric systems under conditions approximating linear behavior and 

coherent imaging systems, not approximating linear behavior, could allow for simplified characterization 

of interferometric instruments; this will be tested by observing how their ITF and fauxTF relate to each 

other. 

 Despite the conditional nature of linearity of interferometers, the ITF has been investigated by the 

metrology field for quite a while. Different techniques for identifying a systems behavior have been 

employed, including Novak’s power spectral density (PSD) measurements, single sine wave frequency 

response measurements, and edge response measurements. The edge response method for interferometers 

involves a different kind of edge than the radiance step, previously described, as having an immediate 
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change in radiance occurring along the object being imaged. Interferometer edge response 

characterization instead uses an OPL step, with a different height flat surface on either side of a step 

junction, consisting of the same material. An object that creates a variation in OPL over its surface for a 

reflected or transmitted wavefront is called a “phase object” in this discussion. The OPL edge can 

likewise be called a “phase edge,” due to its discontinuity in OPL of the wavefront reflected off of its 

surface.  

2.4    Relating OPL and amplitude measurements 

As stated previously, a few findings relate a system’s ITF behavior when used as an 

interferometer and the fauxTF when used for coherent imaging. This relationship seems to allow for a 

simplified characterization technique, through relating these two quantities. In other words, information 

provided by the optical system imaging a phase step in OPL measurement mode and imaging an 

amplitude step in traditional imaging mode (generally referred to as amplitude imaging in this discussion) 

has been shown to have a degree of correlation. With this idea in mind, it could potentially make the 

design and testing of interferometric systems significantly easier, as long as the designer adheres to the 

limitations and conditional linearity of the edge response testing method. The MTF of an optical system is 

the normalized modulus of what is called the amplitude transfer function (ATF) (Goodman, 2005). This 

function describes the system behavior of amplitude object inputs and is analogous to describing the 

transfer function of an interferometer when used as a coherent imaging system. This is what is called the 

fauxTF in this discussion, because coherent imaging and the coherent edge response technique violate 

LSI. The ITF, in contrast, demonstrates the transfer function of OPL inputs. De Groot showed these two 

are similar in certain testing configurations. This means that, under LSI conditions of interferometry, the 

ITF can be approximated by the non-linear behavior of the fauxTF. One LSI condition, which was 

discussed in the previous section, is based on the variation in diffraction order intensity distribution.  To 

make amplitude and phase measurements comparable, the diffraction pattern produced by amplitude 

objects and phase objects must be similar. Consider the example of a single frequency amplitude grating, 

the +1 and -1 orders are diffracted in this case. With a single frequency phase grating, as discussed 
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previously, higher diffraction orders are observed. The variation between the two diffraction patterns can 

be minimized if the phase object under test has a sufficiently small OPL height. This proof of the 

correlation between amplitude and OPL transfer function behavior was further shown to be true when 

tested at specific frequencies in Zhou’s study. Zhou showed that there was a strong degree of correlation 

between amplitude and phase measurement modulation levels when imaging specific frequency square 

wave amplitude and phase gratings (Figure 2).  

 

The agreement between phase data modulation levels and amplitude data modulation levels should not be 

surprising due to the coherent behavior of both imaging techniques. Coherent imaging, as has been 

discussed, is linear with electric field, meaning the electric field should behave similarly to different types 

of stimuli, be it a radiance step or a phase step. Though the imaging methods measure fundamentally 

different information and the objects are represented differently mathematically due to the significance of 

OPL in the phase step, the electric field of the object is still being imaged by the same coherent PSF. The 

OPL from the phase object does not add, but it is included in the electric field representation of the object. 

As stated previously, it is important not to confuse the output of the interferometry measurement, relative 

 

Figure 2: (Left) Amplitude object with low transmission in black regions, resulting in a lower radiance when imaged and high 

transmission in blue regions. (Right) Phase object with different optical path length depending on the thickness of the glass 

through which the light is being transmitted. Objects shown when used in transmission. Zhou’s experiment used these gratings 

in reflection.  

Amplitude	object	in	transmission Phase	object	in	

transmission 
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optical path difference (OPD), the measure of optical path length variation between points, with the 

coherent process that is occurring, the superposition of electric field. 

The correlation between the amplitude and phase edge responses could be very useful in shaping 

a simplistic and effective characterization method for interferometer transfer functions. If traditional 

imaging techniques can be used to better understand the OPL transfer function, then deciding if an 

instrument has been made properly could be simplified and determining if a system can meet the 

requirements of a specific task could be answered more swiftly. This could save engineers time and 

potentially be used on a wide range of systems. Understanding the limitation to this correlation between 

the fauxTF and ITF is essential, however. If the approximation breaks down and cannot be used with a 

certain amount of wavefront aberration in the optical system, it must be known that the agreement 

between amplitude and phase information is conditional. Furthermore, as stated previously, if the edge 

response technique does show wide spread agreement between fauxTF and ITF measurements, the edge 

response itself may breakdown and not truly represent the coherent PSF; this will then not represent the 

transfer function with completeness. This research will look to determine the extent to which there is 

agreement between the ITF and fauxTF when an optical system is perturbed. With the limitations of the 

coherent imaging edge response characterization technique determined, this technique can be applied for 

interferometric system characterization with great mindfulness to the linear approximations being 

employed.  

2.5    Talbot effect 

 In coherent imaging, diffraction can cause periodic structured planes of focus outside of the 

traditional focus plane. This was first realized by Henry Talbot in 1836. Generally, this phenomenon is 

observed when imaging a single frequency object, such as a grating. The structure of the grating will 

come into focus at periodic distances away from the grating. The fundamental frequency of the grating 

will go through a cyclical pattern of focusing, then vanishing, repeatedly. The distance at which the 

grating is reimaged is called the “Talbot distance” which is equal to 
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𝑧n =

𝜆

1 − 1 − 𝜆)
𝛼)	

 
(41) 

𝑧𝑡4, the structure of the fundamental frequency of the grating disappears, referred to here as “frequency 

𝑧𝑡∗2∗(𝑛−1)4, where n is the integer number of frequency dropout planes away from the grating or focus 

plane, depending on if light is only passing through the grating or passing through the grating and then 

being imaged with a lens. Talbot planes are where the grating’s fundamental frequency is reconstructed. 

𝑛∗𝑧𝑡2, where odd integer value planes experience a 𝜋 phase shift in the self-imaged grating and even 

integer values are an exact reproduction of the grating. The Talbot effect is contingent on three beam 

diffraction and will not occur without an on-axis plane wave and two off-axis plane waves at equal and 

opposite angle from the on-axis wave (Milster, 2014).    
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3     EXPERIMENTAL METHODS 

 The process of simplifying interferometer characterization serves to aid the design and testing 

side of the engineering process for the optics community; to do so, this technique must be explored to the 

point where its possible deficiencies are uncovered. The development of a method for determining the 

ITF of an interferometer, like the one previously explored by de Groot, should lead to a solution that 

includes a few important qualities, one of these being that it accommodates different interferometer 

designs, meaning different types of interferometer and interferometers with different aberration content. 

The first interferometer design accommodation is that this study will focus on a different type of 

interferometer than the ones explored by de Groot. Second, is that this technique should be applicable to 

different configurations of the same system. De Groot tested different speeds of optical systems, but the 

experiment presented here will look into the addition of aberration content. This is in the hope of finding 

the extent to the agreement of the fauxTF and ITF in interferometric systems. The second quality that this 

technique should possess is accessibility. “Accessibility” here is meant in both a financial sense for the 

equipment being used to test the system and that the mathematics behind the technique should be 

straightforward, yet robust. This characterization method will look at the fauxTF and ITF comparison 

done by de Groot to see if there is a breaking point when aberrations are added to the system. 

3.1     System under test 

A Twymann-Green interferometer was used as the system under test. This configuration of 

interferometer has been chosen for a few reasons. Fizeau interferometers have been explored in a 

significant number of other publications about characterization. An investigation of a different type of 

interferometer will back up the findings of this paper’s fauxTF/ITF comparison argument. The Twyman-

Green design is also easy to build and modify.  

 The design of the Twyman-Green (Figure 3) used in the laboratory is shown below: 
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Figure 3: Twyman-Green with illumination path visualized.  

A few key design features of this system make it especially practical for this type of experimentation. The 

source used is a diode laser in order to decrease the occurrence of coherent artifacts that appear in the 

system by shortening the coherence length. To maintain coherence between the test and reference arm, 

there is a linear translation stage on the reference arm to allow for path-matching to maintain high 

modulation of the interference fringes. The laser diode is fiber coupled, with a Gaussian distribution at the 

output. The light is collimated to a 2" diameter beem, but in measurement mode only the central inch of 

the beam is used. This central region of the light can be approximated as plane wave illumination, due to 

the slow Gaussian falloff over the central region of the beam. In diffraction theory, a far-field image is the 

Fourier transform of the object with a spherical phase path length curvature term. 

 
𝑢) 𝑥), 𝑦) =
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Tyo states, “It is important to note that there is a spherical phase curvature term that precedes the Fourier 

transform. However, if the final observation is to be in terms of intensity, then this phase curvature term 

will not affect the results, however, in the case where the absolute phase of the field is important, such as 

interferometry, that term must be taken into account” (Tyo 2011). Clearly, the spherical phase curvature 

term must be considered in this interferometric system. The system under test has an aperture stop located 

at the back focal plane of the first imaging lens, however, which sets the 𝑧#) distance equal to infinity. 

Observing the spherical curvature term with the new 𝑧#) value 

 exp 𝑗 ;
T>

𝑥)) + 𝑦))  = 1 (43) 

the term is now unity. The system exhibits this characteristic on both sides of the stop. The imaging arm 

is a 4f system, which has its stop at the front focal plane of the second lens and object at the front focal 

plane of the first lens, with plane wave illumination. Gaskill describes this system as, “the cascade of 

ideal spectral analyzers, each of which is free of quadratic phase factors” (Gaskill, 1978). Gaskill then 

goes on to conclude that the image is the convolution of the object with the point spread function. This 

means that the system under test is free of spherical phase curvature.  

 The interferometer was designed to be easily reconfigured. The system aperture stop diameter is  

an adjustable iris, making it very easy to alter the cutoff frequency. The detector, seen off to the right in 

Figure 4, is also mounted on a linear rail to allow for highly controllable focus. The test arm is designed 

such that the test fixture can be switched out with minimal effort. The figure shown here has a grating 

array with a large tip/tilt mount in the test arm. The entire assembly is constructed of cage plate 

components to constrain a large number of the degrees of freedom. The reference arm mirror is mounted 

on a tip/tilt mount, making nulling the wavefronts possible. The entire system is also vibration isolated on 

a floating optical table.  
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Figure 4: Twymann-Green interferometer used in this experiment 

 

 The interferometer uses the phase shifting technique to solve for surface height of the test object. 

The reference arm mirror is phase shifted using a piezoelectric transducer (PZT). By shifting—physically 

moving—the reference arm a small distance, with respect to the wavelength of light, and capturing 

successive images of the fringe brightness changing, the optical path length difference between the 

wavefront in each arm can be calculated. The specific algorithm used in this phase shifting interferometry 

(PSI) technique is called the Hariharan algorithm that assumes five successive phase shifts (change to the 

OPL difference) with equal size phase shifts. The five images are mathematically analyzed to produce a 

surface height map. In equation (35) it is shown that there is a cosine relationship for the OPL difference 

between the two arms. The mathematics behind the Hariharan method (Malacara, 1937) simplifies if the 

five phase shifts are ;
)
 difference, meaning the irradiance of the first image, with 𝛥𝜙 = 0, where 𝛥𝜙 is the 
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phase shift value, and irradiance of the fifth image, with 𝛥𝜙 = 2𝜋, are equivalent due the cyclical nature 

of the cosine function. The irradiances of images can be represented as  

 𝐼s 𝑥, 𝑦 = 𝐼# + 𝐼# + 2𝐸#𝐸)cos	(Φ + Δϕ)	 (44) 

with the two wavefronts being represented separately with the subscripts 1 and 2, 𝛷 representing the OPL 

difference between the two arms and 𝛥𝜙 representing the phase shift value. The five separate images can 

be written as  

  

 𝐼�pj 𝑥, 𝑦 = 𝐼# + 𝐼# + 2𝐸#𝐸) cos Φ + 0  

𝐼�pr 𝑥, 𝑦 = 𝐼# + 𝐼# + 2𝐸#𝐸) cos Φ +
π
2

 

𝐼�p� 𝑥, 𝑦 = 𝐼# + 𝐼# + 2𝐸#𝐸) cos Φ + π  

𝐼�p� 𝑥, 𝑦 = 𝐼# + 𝐼# + 2𝐸#𝐸) cos Φ +
3π
2

 

𝐼�p� 𝑥, 𝑦 = 𝐼# + 𝐼# + 2𝐸#𝐸)cos	(Φ + 2π)				 

(45) 

which can be rewritten as   

 𝐼�pj 𝑥, 𝑦 = 𝐼# + 𝐼# + 2𝐸#𝐸) cos Φ  

𝐼�pr 𝑥, 𝑦 = 𝐼# + 𝐼# − 2𝐸#𝐸)sin(Φ) 

𝐼�p� 𝑥, 𝑦 = 𝐼# + 𝐼# − 2𝐸#𝐸) cos Φ  

𝐼�p� 𝑥, 𝑦 = 𝐼# + 𝐼# + 2𝐸#𝐸) sin Φ  

𝐼�p� 𝑥, 𝑦 = 𝐼# + 𝐼# + 2𝐸#𝐸)cos	(Φ)				 

(46) 

 

The Hariharan algorithm rearranges the five images to cancel the individual arms’ irradiance terms and 

uses an arctangent to access the Φ term as shown in equation (47) 

 
𝛷(𝑥, 𝑦) = tan9#

−2(𝐼�p)(𝑥, 𝑦) − 𝐼�p|(𝑥, 𝑦))
𝐼�p#(𝑥, 𝑦) − 2𝐼�p�(𝑥, 𝑦) + 𝐼�p�(𝑥, 𝑦)

 
(47) 
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The algorithm pairs the sine functions in the numerator and the cosine function in the denominator. The 

argument of the sines and cosines are all the Φ term, so the result of the arctangent will produce a phase 

map, which can be converted into physical heights. This type of system is highly sensitive to vibrations, 

but produces accurate height measurements as long at the phase shift values of the PZT are relatively 

precise.  

3.2     Test fixtures: amplitude edge and phase edge  

While the system is designed for PSI, by blocking the reference arm the system can also be used 

as a traditional imaging system with coherent illumination to image the test arm with pure amplitude 

measurements. This versatility will make collecting fauxTF and ITF data possible. For PSI 

measurements, both test arm and reference arm are imaged onto the detector. In amplitude imaging only 

the test arm is imaged onto the detector. Both of these configurations are shown in Figure 5, with 

amplitude and phase objects used in reflection, which behave similarly to the transmission amplitude and 

phase objects shown previously in Figure 2.  

The testing of the different transfer functions will be done using the edge response method due to 

its simplicity and that the output of this technique returns an entire cross-section of the transfer function. 

The orientation of the obtained transfer function cross-section is along the axis orthogonal to the length of 

the edge. This testing method will require two different test edges, a radiance step and an OPL height step 

(phase edge). The radiance step or amplitude edge is a mirror placed in the test arm with half of its clear 

aperture blocked. This creates a surface with high radiance, the unblocked side, that is allowed to reflect 

and transmit light to the detector, and low radiance, the blocked side that does not reflect light into the 

imaging system. This edge (Figure 6) is used to determine the system’s fauxTF using amplitude imaging.  

The radiance step used in de Groot’s findings consisted of a piece of glass half covered in a layer 

of chrome. While lithographic processes are becoming less and less expensive, this is another piece of 

equipment required to test an optical system. This also means that the test piece should scale with the 

clear aperture of the optical system being used. Instead, the method proposed here only requires 
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temporarily blocking half of a mirror. This is less expensive, because most laboratories possess mirrors, 

and it is easily implemented.  

The OPL height step or phase edge is used to determine the ITF of the system. This fixture is a piece of 

glass with constant thickness on one half and slightly thicker constant thickness on the other half. The 

difference in thickness is an OPL change and when imaged during PSI is observed as a difference in 

irradiance on either side of the step interface in the five collected images. The discontinuity in the 

thickness of the glass represents a step-function in electric field content. De Groot states in his paper that 

the OPL step must be ≪ 𝜆/4 in order for the non-linearity of phase grating diffraction to be suppressed 

and LSI to be approximated. With this proposed height condition met, the phase edge will produce a 

similar diffraction pattern to that of an amplitude edge, making the measurements of fauxTF and ITF 

comparable. The OPL step used in this experiment is a 50nm depth (0.15𝜆 at 632 nm when used in 

reflection) etched glass square wave grating of low frequency with respect to the field of view of the 

system. This means that diffraction effects on one side of this step will not greatly affect the results on the 

other side of the step. The phase edge shown in Figure 7 is imaged using PSI to determine the ITF of the 

system and is comparable to the fauxTF of the system due to the small value used for h, which produces 

similar diffraction effects to the amplitude edge. This small value satisfies the linearity condition of 

interferometry, allowing transfer function theory to be applied. The data collected using the phase step is 

directly compared with the data collected using the amplitude step and should be the same based on de 

Groot’s findings.  

 

 

 

 



 37 

 

Figure 5: Twymann-Green with imaging orientations visualized. (Left) Amplitude imaging with only the test arm being imaged 

onto the detector. (Right) Phase imaging with test and reference arm interfering and being imaged onto the detector. 

 

Figure 6: Knife edge radiance step used in amplitude imaging mode with the Twymann-Green interferometer. The light on the 

left side of the mirror (blue) is reflected back into the imaging system, while the light of the right side is deflected in a different 

direction. A razorblade is used to form the straight edge and is represented by the black object.  
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Figure 7: OPL phase step, which uses the 4% retro-reflection off of the front surface of the glass as the wavefront in the test arm 

of the interferometer during PSI. The left side in the figure has a greater optical path length by 2*h, due to the double pass 

reflection, when compared with the right side of the phase step.  

3.3 Inducing aberrations 

 The extent of the similarity relationship between fauxTF and ITF data was tested by changing the 

system. Aberration content was added to systems of different speeds to see how the transfer function 

distorts. The system is highly adjustable, meaning that it can be altered to introduce different types of 

aberrations. Defocus, astigmatism, and spherical aberration will be explored in this experiment in order to 

gain a better understanding on the transfer function degradation. Establishing a better understanding of 

the fauxTF/ITF relationship and the transfer function behavior with different aberrations present will aid 

in the design process and more clearly define the usage limitations of these devices.   

 Defocus will be added by shifting the detector plane using an adjustable linear rail.  The edge 

response will be calculated the same way in focused and defocused orientations. The linear rail is very 

precise, making the collection of comparable phase and amplitude data quite repeatable. The f-number is 

adjusted through use of an adjustable aperture located at the intermediate focus in the imaging relay. The 

system will be a 4f system with two 200mm focal length lenses to give a magnification of 1.   

 Inducing astigmatism was done by placing a relatively low-power cylinder lens just before the 

detector. This bends the rays more in one axis than the other axis, resulting in a difference between 
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tangential and sagittal focus, based on the rotational orientation of the cylinder lens’ curvature. Adjusting 

the spacing between the second lens in the imaging relay and the cylinder lens changes the magnitude of 

the astigmatism. Using a rotation mount for the cylinder lens allows for changing the orientation of the 

astigmatism with respect to the edge axis in the edge response. The detector’s linear rail allows for the 

axial astigmatic focus to be easily adjusted to the far, near, and medial foci.  

 Spherical aberration can be added by changing the shape factor of the lenses in the system. A 

convenient way to do this is to use a plano-convex lens. If this type of lens were used as the second lens 

in the imaging relay, with the lens oriented plano side first, the collimated input light would only refract at 

the curved side of the lens, thus inducing significant spherical aberration. In the other orientation, with the 

convex side toward the collimated input light, both surfaces would refract the wavefront, inducing less 

spherical aberration. In this way, the addition of spherical aberration content can be easily observed in this 

imaging system. Maintaining the magnification throughout the entire testing process would make post 

processing and comparing datasets easiest, however, the 200 mm focal length lenses used in the one-to-

one relay would not induce enough spherical aberration with their shape factors set incorrectly. The speed 

of the system was roughly F/32, which is not fast enough to induce sufficient spherical aberration content. 

Instead, a 40mm focal length lens with improper shape factor was used as the second lens when testing 

the spherical aberration edge response for the optical system. The concern was that the PSF would be 

under sampled with this orientation, so a microscope was used to enlarge the image produced by the 

40mm focal length lens. With this orientation, the system had roughly T
�
 waves RMS of spherical 

aberration, which would be enough to affect the transfer function behavior. Other ways of inducing 

aberrations include tilting a plane parallel plate in a converging beam, as well as tilting and decentering 

lenses, but the intention of this study was to induce individual aberrations to understand how the ITF and 

fauxTF would relate to each other under different specific circumstances. 

 This study will give insight into how the different types of systems will relate to each other in 

traditional amplitude imaging mode and PSI mode. This includes a different type of interferometer from 
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previous edge response characterization experiments, a Twymann-Green, different speed systems, 

different amounts of defocus, and different aberration content systems. All of this is an effort to make the 

characterization of interferometers more accessible.  
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4     THEORETICAL PREDICTIONS 

 It is understood that there should be a great degree of correlation between a well-focused 

system’s ITF and the same system’s fauxTF. This leads to the question of predicting what will happen 

when these systems are disturbed by aberrations. This also leads to the question of how the edge response 

will represent the transfer function when phase information in the coherent PSF is lost at the detector. 

Building up a model to simulate the outcome for both amplitude and phase imaging can aid in 

understanding what kinds of results might be expected when the system is perturbed. A complete model 

of the physical interactions between light and the optics in both imaging modes, amplitude and phase, 

were constructed. First, mathematical derivations of the exact behavior of imaging should be built up, 

then once derived, converted into a simulation format, in this case, Matlab. The Matlab simulation allows 

for predictions to be made, but can also provide insight for an occasion in which the theoretical outcome 

is entirely unknown. 

4.1 Creating a representative simulation 

 Building up the theoretical model for coherent imaging and the fauxTF must begin with 

simulating the imaging of a coherently illuminated scene onto an irradiance-sensitive detector. This 

imaging looks similar to equation (10), but is different in the sense that at the detector the magnitude 

squared is taken. This is the conversion from electric field to irradiance that the detector does, which is 

the source of non-linearity and loss of the coherent PSF’s phase content.  

 𝐼: 𝑥, 𝑦 = ℎ 𝑥, 𝑦 ∗ 𝑢G 𝑥, 𝑦 ) (48) 

In this equation the coherent PSF is represented as ℎ 𝑥, 𝑦  and 𝑢G(𝑥, 𝑦) represents the input electric field 

from the coherently illuminated object and 𝐼: 𝑥, 𝑦  is the image. The object can be represented as 

anything in the simulations, allowing for any sort of object to be simulated when imaged through the 

system. The coherent PSF is also highly variable and can represent the speed of the system by changing 

the size of the pupil, as well as aberration content by changing the wavefront error in the pupil, where the 

pupil function is defined as shown in eq. (15). The Fourier Transform of the pupil leads to the coherent 

PSF, as shown in eq. (16).  
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 Simulating phase imaging when the imaging system is in PSI mode is somewhat similar to that of 

the mathematics behind the coherent amplitude imaging, with the addition of superposition of plane 

waves.  

 𝐼 𝑥, 𝑦, 𝛥𝜙 = ℎ 𝑥, 𝑦 ∗ [𝑢n 𝑥n, 𝑦n + 	𝑢l(𝑥l, 𝑦l, 𝛥𝜙)] ) (49) 

In this equation the electric field of the test arm of the interferometer, 𝑢n(𝑥n, 𝑦n), and the electric field of 

the reference arm, 𝑢l 𝑥l, 𝑦l, 𝛥𝜙 , are interfered and then convolved with the coherent PSF of the system. 

The PSF used for simulating PSI is the same one that is used in the amplitude simulation. The magnitude 

squared of the electric field is again taken, representing the detector. Five of these images are simulated 

with different values of 𝛥𝜙 at 𝜋/2 intervals (these five images are represented in eq. (45)). The electric 

field of each arm is modeled as 

 𝑢 𝑥, 𝑦, 𝛥𝜙 = 	𝐴𝑒:(i∙lo�p) (50) 

where 𝐴 is the amplitude of the electric field, 𝑘 represents the propagation vector and 𝛥𝜙 represents the 

OPL phase shifting of the reference arm. Only the reference arm contains the 𝛥𝜙 term, as it represents the 

piezo-electric phase shifting arm. These five measurement are then analyzed using equation (47), which 

results in 𝛿, the OPL difference between the two arms in the interferometer simulation. This phase 

difference is the output of PSI and, if the input is a step, it is the edge response function of the system. 

 The objects are represented differently in the simulations for amplitude and phase imaging, 

because of their physical differences. The amplitude object is defined only by electric field amplitude, 

𝐴(𝑥, 𝑦). This is a number ranging from 0 to 1 in the simulation, where 0 represents darkness or non-

existent electric field and 1 represents brightness or high electric field amplitude. The phase object is 

defined with a constant non-zero electric field amplitude, 𝐴 , and the variation in glass thickness is 

𝑒𝑖𝜙(𝑥,𝑦)𝑂𝑃𝐿. The two objects can be simulated with the same pattern or structure, but different 

composition, electric field amplitude versus phase variation in the electric field along the wavefront. The 

results of the two different simulations after they have been imaged are dissimilar as well. The result of 
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the PSI simulation is in terms of OPD, while the amplitude simulation result is in terms of irradiance. The 

simulation of the imaged phase edge can be converted into the coherent PSF by taking a derivative.  

 
ℎ 𝑥 ∝

𝑑
𝑑𝑥

𝛷(𝑥, 𝑦) 
(51) 

This relationship is true if the phase content in the coherent PSF is minimal, otherwise, the PSI edge 

response is not representative of the coherent PSF and is not linear. In the case of non-negligible phase 

content in the coherent PSF, the Fourier transform of the derivative of the phase step edge response 

returns the ITF of the system (Figure 8), assuming LSI is maintained.  

 

Figure 8: (Top) Simulated output from a phase object PSI edge response for a system with non-significant phase content in the 

PSF. (Middle) Derivative of the phase object edge response, which is the PSF. (Bottom) Simulated ITF of system computed as the 

Fourier transform of the PSF.  

In contrast, to get the amplitude simulation to proportionally represent the electric field, a square-root of 

the irradiance is taken. A challenge with this technique is that the zero-valued electric field amplitude 
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region of the image, the dark side of the radiance step, loses phase reversal information due to the 

detector’s irradiance sensitivity. The ringing that occurs at the edge from diffraction crosses the axis on 

the dark side of the amplitude edge. 

 

Figure 9: (Top, first) Simulated output for an amplitude object edge response, seen on the detector as irradiance. (Second) 

Square root of the collected data is taken to convert the data into an electric field approximation. Note the effect the detector has 

on the low amplitude content on the left hand side of the edge. This is where the electric field crosses the axis and phase reversal 

information is lost when the detector converts the input electric field into irradiance. (Third) The PSF is determined by taking the 

derivative of the electric field converted data. The solid line shows the lost phase reversal information not representing the PSF 

well on the left side of the peak. The dotted line represents the data being mirrored about the peak, where the right side data is 

mirrored to the left side of the peak. (Bottom, fourth) fauxTF, Fourier transform of the mirrored PSF, of the simulated system is 

computed. 
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The square root operation, that transfers the data from irradiance to electric field, makes the data on the 

dark side of the edge difficult to work with. Phase reversal—sign of the electric field—locations cannot 

be known unless the system is well characterized already. There are a few solutions to this, however. If 

the PSF is even, then the information on the bright side should be a mirror image of the information on 

the dark side, after the derivative is taken. Figure 9 shows how mirroring can reproduce an even PSF. The 

other scenario is one where the PSF is odd, eliminating mirroring as a reasonable solution. In this case, 

the knife edge can be flipped along the edge axis to essentially invert the contrast of the test setup, by 

having the right side bright (with left side dark) in one configuration and left side bright (with right side 

dark) as the other configuration. The edge responses from the two configurations are then analyzed and 

stitched together to give a complete depiction of the phase reduced PSF. This works to collect PSF 

information with accurate phase reversal on either side of the edge junction, due to a regions of high 

amplitude electric field. This simulation allows the performance of different systems to be predicted. Stop 

diameters, focal lengths and aberration content can all be represented as input parameters to give an 

accurate prediction of the outcome of the system. This allows for hypotheses to be created regarding what 

to expect for a relationship between amplitude and phase edge response data.  
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Figure 10: (Top, first and second) Simulated edge response output of a system with 0.2𝜆 of coma present during amplitude 

imaging. The odd nature of the aberration requires taking edge response measurements with the bright side of the edge on the 

right side of the object plane and the left side of the object, two datasets. This will reproduce the entire PSF, where the red lines 

represent edge responses with the bright side on the left part of the object plane and green represents the bright side of the edge 

on the right part of the object plane. (Third) The two data sets are merged to represent the entire PSF. It is clear that phase 

reversal information on different sides of the edge is lost for the low irradiance side of the edge. The combination of the two 

datasets does present the complete PSF, however. (Bottom) The fauxTF is determined by taking the Fourier Transform of the 

PSF.  

4.2 Predicting defocus and the Talbot effect 

 Defocus is easily added to an optical system. Defocus is also simplistic to simulate. Zernike 

polynomials are used to accurately represent different amounts and types of aberration content. These 
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polynomials are an orthogonal set and are thus independent of each other. To add defocus into the 

simulation, the Zernike term 

 𝑍)N 𝜌 = 𝑍N)N 3(2𝜌) − 1) (52) 

is used as the phase term in the complex pupil function that defines the transfer function of the optical 

system. In lab experiments, defocus will be induced by physically moving the detector. A conversion 

must be made between defocus in physical dimensions of mm and the waves of defocus added to the 

pupil function. The two are related by 

 
𝑍N)N = (𝑑¡¡/𝜆)

𝐷)

2𝑓)
 

(53) 

where 𝑑¡¡ is the amount of defocus in millimeters, as related to the detector travel, 𝐷 is the diameter of 

the aperture stop, 𝑓 is the focal length of the lens, and 𝜆 is the wavelength of light for the system. 

 For focused light, it is expected that a coherent transfer function will be observed, which is 

 

Figure 11: Simulation of focused transfer function for two different speed systems (Stop Diameter = 3.6 and 6.1mm) for 

amplitude and phase imaging, as compared to the pupil function of the two systems. The transfer functions for phase and 

amplitude match each other nicely and are accurately representative of the pupil function they are based on.  

consistent with the simulation. The pupil function has no OPL phase error, diffraction limited, resulting in  
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an ITF and fauxTF with perfect modulation up to the cutoff frequency where the modulation immediately 

drops to zero. The simulation for phase imaging and amplitude imaging show transfer functions that 

closely match the shape of the pupil function. Also, the amplitude and phase imaging results are very 

similar to each other. This is identical to de Groot’s finding that the ATF (referred to as the OTF in de 

Groot’s findings), for amplitude imaging, and ITF, for phase imaging, will be the same for focused 

systems using the edge response technique. Simulations also show that for different speed systems this 

relationship is consistent. Keep in mind that this relationship is contingent on the height of the phase step 

being relatively small, compared to the wavelength of light, in this case 50nm.  

 As defocus is added to the simulated edge responses of the system, for amplitude and phase 

imaging, the transfer functions continue to exhibit the same frequency cutoff that was seen previously, but 

at specific frequencies before the cutoff frequency there seems to be modulation dropout. These dropout 

points shift toward lower frequencies and increase in the number as defocus is added to the simulation. 

This phenomenon was observed previously (Novak, 1998). Novak showed that the drop out frequency 

was inversely proportional to the square root of the propagation distance. Coherent imaging systems are 

known to have frequency drop out associated with the Talbot effect. The observed drop out is consistent 

with that of the Talbot effect.  If the artifacts in the transfer function are from the Talbot effect, then the 

drop out in frequency should only be dependent on the wavelength of the light source and the defocus 

distance. This means that if different speed systems are simulated, that the dropout frequencies should 

remain constant if the defocus distance is maintained for both system configurations. With the hypothesis 

that this effect is an artifact of the Talbot effect, the dropout frequencies should then be associated with 

(1+2𝑛)∗𝑧𝑡4, and those specified frequencies should return to full modulation at integer value half Talbot 

𝑛∗𝑧𝑡2. Likewise, this means that simulations of single frequency objects should exhibit the same drop in 

modulation as the transfer function for the specific frequency. Figure 12 shows different speed optical 

systems with 8mm of defocus experiencing the same frequency dropout at 10 lp/mm. If the Talbot effect 

equation is rewritten so the Talbot distance is the input and the frequency, 𝑎, is the output 
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𝑎 =

4𝑧n
1 + 2(𝑛 − 1) 𝜆

2 ∗ 4𝑧n
1 + 2(𝑛 − 1) − 𝜆

 

(54) 

With a wavelength of 635nm and a quarter Talbot (defocus) distance of 8mm (to produce frequency 

dropout) at the first Talbot frequency dropout plane, n = 1, the cutout frequency is equal to 

0.1008mm/cycle, which converts to roughly 10 lp/mm. The higher dropout frequencies correspond to 

higher integer, n, Talbot distance dropout planes associated with the same defocus distance. These 

numbers all agree with the simulated transfer functions for both phase and amplitude imaging, for 

different speed systems and are consistent with the Talbot equation.  

All of this suggests that the edge response of a phase object and amplitude object for the same 

instrument, in different imaging modes, agree with each other for the case of defocus. This also suggests 

that frequency drop out in the fauxTF and ITF of coherent systems, brought about by defocus, is an 

artifact of the Talbot effect printing through into the transfer function. If the fauxTF and ITF are meant to 

be representative of optical system behavior, then a single frequency input should be affected the same 

way the fauxTF and ITF suggest that that specific frequency’s modulation should be effected. Figure 13 

and Figure 14 show simulations of single frequency sine wave input amplitude and phase objects. The 

behavior of these simulations are consistent with the Talbot effect acting on a single frequency object, in 

the sense that the fundamental frequency vanishes, however, the two imaging techniques produce 

different outputs. Keep in mind that this simulation is the same as the transfer function simulations, just 

with the sine wave as the input instead of a step object as the input to the system. With amplitude 

𝑧𝑇4, which is predicted with the Talbot effect. With PSI, it appears that, at the same defocus distance, the 

measurement reduces to zero amplitude instead of frequency doubling.  This suggests, based on the 

simulations, that the ITF and fauxTF accurately represent the fundamental frequency behavior, but the 

amplitude and phase imaging techniques clearly behave differently. For amplitude imaging non-linear 

behavior is observed when the input frequency doubles, while the PSI seems to follow the linear 

modulation trend of the ITF curve.  
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Simulations of the Talbot effect were done to help understand whether linear behavior was 

observed during coherent imaging or PSI. Coherent imaging exhibits non-linear behavior, but PSI seems 

to maintain LSI. The behavior that approaches linearity, in the case of PSI, seems to be conditional and 

based on the de Groot approximation of a phase step height ≪ T
|
. The dependence of the step height on 

approximate linear behavior of PSI can be seen in Figure 15. This figure shows the frequency spectrum 

response for a single frequency phase object input, observed at twice the fundamental frequency. If the 

system behaves linearly, then there should only be frequency response at the fundamental frequency. The 

amplitude at twice the fundamental frequency should be zero if LSI is observed, but figure shows that 

there is a response at this frequency. The amplitude of the response decays as the phase height of the 

single frequency input object decreases.  

 

 

Figure 12: Simulated transfer functions with 8mm of defocus for phase and amplitude imaging systems for both 3.6 and 
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6.1mm stop diameter systems. It is clear that all simulated systems experience a complete dropout in modulation around 10 

lp/mm. 

 

 

Figure 13: Simulation of single frequency sine wave amplitude object for amplitude imaging system with different defocus 

distances. The effects of the traditional Talbot effect are seen clearly in this simulation, where the fundamental frequency is lost 

at ¼ and ¾ Talbot distances and at ½ Talbot distance the modulation returns to a maximum with a 𝜋 phase shift. This is 

representative of the same simulation as previously with a different input object from that of the edge. It is observed that the 

frequency doubles at ¼ Talbot distances, as is consistent with the Talbot effect.  
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Figure 14: Simulation of single frequency sine wave phase object at different defocus distances. Similar to the amplitude 

simulation, at ¼ and ¾ Talbot distances the fundamental frequency is no longer present in the output, but different from the 

amplitude object there is very low modulation in the phase simulation, where as the amplitude simulation showed twice the 

fundamental frequency still present in the output. The 𝜋 phase shift is still present at ½ Talbot distance. Again, this is the same 

simulation used for the edge response, just with a different input phase object.  
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Figure 15: Simulation of non-linear behavior for an 8.12LP/mm single frequency input in PSI mode, showing relative amplitude 

of the frequency doubled output for different OPL phase objects 

Figure 15 demonstrates the non-LSI behavior of large step height phase objects. The figure shows the 

response at double the fundamental frequency, while defocused to a quarter Talbot distance, where the 

fundamental frequency should experience no modulation. For this single frequency input of 8.12LP/mm, 

the amplitude of the non-linear frequency doubling observed at a quarter Talbot plane is strongly 

dependent on the phase step, as stated by de Groot. It can be observed that for a phase step of ;
¥
 is 

significantly smaller than that of ;
)
. The phase step that will be used in these experiments is 50nm, which 

is roughly ;
¦
 and is close to a linear approximation, but will have some residual non-linear behavior 

appearing.  

Despite the single frequency behavior difference, the agreement between the shape of the ITF and 

fauxTF suggests that an amplitude edge response would give information about the phase shift imaging 
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transfer function, agreeing with de Groot’s findings and potentially extending the amplitude and phase 

data agreement to include not just diffraction limited systems, but also defocused systems. Despite these 

agreements, the differences in frequency handling between the two techniques should not be overlooked.  

4.3 Astigmatism 

 Testing the extent of the agreement between the amplitude and phase data must include an 

investigation into whether the Seidel aberrations affect this relationship. The simulation was used to 

predict whether there would be similarity between the phase and amplitude imaging performance of the 

optical system. Not only was agreement of the functions a part of the investigation, but there was also an 

investigation into the shape of the transfer function with different aberrations present. The effect of 

singular aberrations on coherent imaging systems and their transfer functions has not been widely studied, 

so the simulations were a benchmark for what to expect. 

Astigmatism was induced using a cylinder lens in front of the detector, after the second lens in the 

afocal relay. This acted to focus one axis faster than the other axis. Zemax was used to determine the 

different amounts of astigmatism that were added. These values from Zemax were used as the Zernike 

coefficients in the Matlab simulation of the system to determine transfer function characteristics. 

Observing the simulations, astigmatism acts like defocus along the axes it is oriented to. Also, the ITF 

and fauxTF agree with each other in every configuration and orientation, based on the simulations. For 

the case of 90G astigmatism, if the knife edge is oriented vertically or horizontally the system behaves 

like defocus, with diffraction limited performance located in opposite direction of the medial focus for 

horizontal and vertical knife edge orientations. For the case of 45G astigmatism, diffraction limited 

performance for the horizontal and vertically oriented knife edge is located at the medial focus according 

to the simulations. The similar behavior of astigmatism and defocus is characteristic of the axially varying 

focus planes that define astigmatic systems, meaning that defocus should be expected along the parallel 

axis of the astigmatic behavior. The Talbot effect frequency dropout is not surprising in the astigmatism 

transfer function, because of its similarity to defocus. For 45G astigmatism (Figure 16), the knife edge 

oriented vertically will fall along a plane with no phase variance in the pupil function, which means that 
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optical path length variation is not present along that axis and should produce a diffraction limited transfer 

function along that axis at the medial focus.  

 

Figure 16: In the presence of 45 degree astigmatism, the normally oriented vertical and horizontal knife edges used for the edge 

response test fall on a balance plane within the pupil function, where the phase terms cancel and produce diffraction limited 

performance. This can be observed if a vertical or horizontal line is drawn through the zeroes.  

The phase term in the coherent PSF is negligible along the vertical and horizontal edge response 

axis for 45G astigmatism. This means that a diffraction limited edge response should be expected due to 

the lack of phase content in this axis. For vertical and horizontal edge responses under 90G astigmatism, 

there is non-negligible phase content in the pupil, meaning the coherent PSF is not accurately represented 

by the edge response. Due to the similar behavior to defocus, these drop out frequencies are assumed to 
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be representative of the Talbot effect, leading to the thought that the edge response is returning pertinent 

information of some form despite non-linearity, due to loss of phase content.  

Figure 17 and Figure 18 demonstrate the variation in axial transfer function associated with .57𝜆 

waves RMS of astigmatism, based on simulations. For 45G astigmatism the edge response will produce 

diffraction limited performance. 0G astigmatism, in contrast, exhibits a transfer function with similar drop 

out frequency characteristics associated with defocus, as stated previously. In both cases of astigmatism, 

despite the variation in transfer function curve, the fauxTF demonstrates the ability to predict the ITF 

behavior.  

 

Figure 17: Simulation of fauxTF and ITF for 45 degree astigmatism 
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Figure 18:Simulation of fauxTF and ITF for 0 degree astigmatism 

 

4.4 Spherical aberration  

Spherical aberration was added using a plano-convex lens with improper shape factor. This was 

modeled in Zemax to determine what focal length lens would be required to have a sufficient amount of 

spherical aberration. The Zemax model of the system with a 200mm x 40mm relay showed aberration 

content of roughly 𝜆/5 waves RMS of spherical aberration. Using this information, the Matlab simulation 

predicted ITF and fauxTF behavior that strongly agree with each other, exhibiting a sharp cutoff 

frequency, but also drop out frequencies before the stop defined cutoff frequency (Figure 19). Unlike 

defocus and astigmatism, the spherical aberration transfer function has partial dips in modulation that are 

not observed with defocus and are not consistent with the Talbot effect.  

The PSF is represented as a complex function in the presence of aberration content and the 

magnitude of its phase term has been shown to vary between the aberrations. In the case of spherical 
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aberration, the phase term becomes large quickly, based on the simulations (Figure 20); this is thought to 

result in the transfer function having a strange shape, however, defocus has a non-diffraction limited ITF 

trend that seems to accurately represent the system’s input/output behavior. The spherical aberration ITF 

may also be representative the modulation behavior of the fundamental frequency. 

 

Figure 19: Simulation of the ITF and fauxTF derived from the edge response of a system with 0.19𝜆 RMS of spherical 

aberration. The fauxTF and ITF information differ slightly, but show reasonable agreement between the two. Similar to defocus, 

spherical aberration produces dropout in frequency at points before the cutoff frequency. Dissimilar to defocus, there are points 

where partial modulation is lost and then returns to full modulation according to the results of the edge response.  
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Figure 20: Simulation of the magnitude and phase content in the PSF for a system with 0.19𝜆 of spherical aberration. The large 

phase term in the coherent PSF for a system with spherical aberration is represented by a complex function, which cannot be 

identified using the edge response technique.  

LSI cannot be satisfied under the presence of spherical aberration, because phase content is never 

negligible. The output of the edge response for spherical aberration can never be representative of the 

coherent PSF due to this. Since it is known that the edge response does not satisfy linear approximations 

for amplitude imaging, what the fauxTF represents is unclear.  

 Simulating single frequency sine wave inputs for amplitude and phase imaging can help to draw a 

clearer picture of if and how the ITF and fauxTF actually represent information about the system 

behavior. Observing a simulation of inputting a single frequency sine wave and plotting the relative 

amplitude of the output sine wave shows a high degree of correlation between the ITF and fauxTF as 

demonstrated in Figure 21.  
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Figure 21: Simulation of the relative amplitude of the output waveform when inputting a single frequency sine wave for 

amplitude and phase imaging. There is a high degree of correlation between the single frequency input’s output amplitude and 

the transfer function curve.  

Aside from the output waveform amplitudes of the single frequency input matching the amplitude trends 

of the ITF and fauxTF, it is important to see what the output waveform’s frequency composition is for 

amplitude and phase imaging. Observing the representation of the output frequencies for amplitude and 

phase imaging, it is clear that they differ. PSI frequency output appears to be linear in the sense that only 

the fundamental frequency is the output with only the amplitude of the sine wave being diminished, as 

can be observed in the Figure 22 simulation. Amplitude imaging outputs show two frequencies for a 

single frequency input, the fundamental frequency and double that, as shown in Figure 23; this is non-

linear behavior. The fundamental frequency output in the amplitude simulation seems to follow the trend 

of the fauxTF modulation. All of this suggests that PSI may behave linearly, even when amplitude 

imaging with the same instrument behaves non-linearly, which is consistent with the trend seen with 

defocus simulations, where frequency doubling at dropout frequencies only occurs with amplitude 
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imaging. These situations of course maintain de Groot’s condition of a small step height being used for 

the phase step. FauxTF and ITF data seem closely related to each other, despite the fact that non-linear 

behavior seems to be occurring in only one case. Based on these simulations, the prediction is that 

amplitude edge response information seems to closely replicate the behavior of phase edge response 

information for interferometric systems.  

 

 

Figure 22: Simulation of PSI: the magnitude of the frequencies that are output when only a single frequency is input into the 

system is what is represented in this figure. It can be seen that there is only one frequency that is output for PSI. When the ITF 

and fauxTF from Figure 21 shows a dropout in frequency, the magnitude of the frequency response in this figure also shows a 

minimum. This points to linear behavior for the case of PSI.   

PSI: input frequency vs Magnitude of output frequency content

5 10 15 20 25
Input frequency (lp/mm)

-50

-40

-30

-20

-10

0

10

20

30

40

50

O
ut

pu
t f

re
qu

en
cy

 (l
p/

m
m

)



 62 

 

Figure 23: Simulation of Amplitude Imaging: this figure represents the same information as Figure 22, but for the case of 

amplitude imaging. The behavior seen here is clearly non-linear in the sense that for a single frequency input, there is always an 

output of twice the frequency of the input single frequency sine wave, despite the fundament frequency appearing to follow the 

trend of the fauxTF behavior. 

  

Amplitude: input frequency vs Magnitude of output frequency content
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5     EXPERIMENTAL RESULTS 

 The investigation into the agreement between the simulated edge response data for amplitude 

imaging and phase shift interferometry showed a strong correlation for all experimental setups. The 

collected data from the laboratory agrees with the simulations in all scenarios. These experimental results 

backup previous findings by Zhou and de Groot about using amplitude information to describe 

interferometer performance characteristics. Results from the laboratory also show that the simulations 

accurately predict the behavior of the edge responses for amplitude and phase imaging for different 

perturbations to the system. Understanding the meaning of the edge response derived ITF and fauxTF 

curves can be challenging, because phase information of the PSF is discarded at the detector. However, 

the simulations of single frequency inputs show agreement with collected data of those single frequencies, 

supporting that the drop out frequency behavior of the amplitude and phase data is actually representative 

of system behavior. All of these findings suggest that amplitude information can indeed be used to 

characterize system behavior of interferometers. It also seems that as long as LSI conditions for PSI are 

met, there is no point where amplitude and phase edge response information, being highly correlated with 

each other, would discontinue.  

There were a considerable number of challenges with collecting meaningful and useful data. The 

collected data does show significant noise, which can be attributed to a number of factors. Not all testing 

conditions were perfectly light controlled, meaning stray or ambient light may have had an effect on the 

noise levels observed. Speckle seemed to produce a considerable amount of noise in the system due to the 

cleanliness of the optics being used. The dust and imperfections on the lenses also created issues with 

phase unwrapping. Errors would frequently occur with the phase unwrapping algorithm due to dust 

particles causing discontinuities in the datasets. This led to the necessity of collecting data with a null 

fringe. Slight misalignment would produce tilt in the measured surface, resulting in a dataset that could 

not be easily processed. Also, due to unwrapping errors, if the relative phase on either side of the edge 

wrapped and was not continuous, the dataset could not be used out of concern that the unwrapping 
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algorithm would improperly unwrap the data. Despite this, datasets maintained correlation above 80% for 

even the most tedious of measurement scenarios.  

5.1    Defocus 

 Focused and defocused systems of different speeds were investigated. The findings matched the 

predictions of highly correlated amplitude and phase edge responses. Simulations suggested an agreement 

of greater than 99% for amplitude and phase behavior. The collected data for focused and defocused 

systems showed agreement above 95%. The well focused system demonstrated the characteristic coherent 

transfer function that shows perfect modulation until the cutoff frequency where the modulation drops to 

zero. Figure 25 shows the collected data for amplitude and phase imaging with a 6.1mm stop diameter 

system, with an afocal relay consisting of a 4f system with two 200mm focal length lenses. A correlation 

coefficient of 97.66% was calculated for the focused data.  

 

Figure 24: Correlation between ITF and fauxTF for a focused system  
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Figure 25 shows how the collected data for amplitude and phase agree with the predicted trend lines of 

the simulation. The datasets match each other and the predictions nicely.  

 

Figure 25: Simulation and collected data correlation for focused system for amplitude (Top) and phase (Bottom) imaging 

 Focused data was shown to have a correlate between the ITF and fauxTF in de Groot’s findings. 

The findings here also show a correlation between the ITF and fauxTF for the effect of defocus. Figure 26 

shows data collected using the same optical system as the focused scenario, but with the detector 

defocused by 2mm. With 2mm of defocus, the ITF and fauxTF have strong correlation, with a correlation 

coefficient of 96.56%. The collected data also matches the expectations based on the simulations, as 

represented in Figure 27. For 8mm of defocus, the correlation is also strong at 97.55% (Figure 28), 

likewise the correlation between the collected data and the simulation is strong (Figure 29). With the 

same defocus distance of 8mm, the stop diameter was changed from 6.1mm to 3.6mm. The correlation 

between the ITF and fauxTF behavior remained consistent even with a change to the speed of the optical 

system. Figure 30 shows a 95.53% correlation between amplitude and phase data and Figure 31 shows a 
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close correlation between the simulations and collected data. This trend is consistent for all defocus 

measurements.  

 

Figure 26: Correlation between ITF and fauxTF for 2mm of defocus  
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Figure 27: Simulation and collected data correlation for 2mm of defocus for amplitude (Top) and phase (Bottom) imaging 

 

Figure 28: Correlation between ITF and fauxTF for 8mm of defocus  
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Figure 29: Simulation and collected data correlation for 8mm of defocus for amplitude (Top) and phase (Bottom) imaging 

 

Figure 30: Correlation between ITF and fauxTF for 8mm of defocus. Stop diameter = 3.6mm 
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Figure 31: Simulation and collected data correlation for 8mm of defocus for amplitude (Top) and phase (Bottom) imaging. Stop 

diameter = 3.6mm 

Defocus exhibits strong correlation between the ITF and fauxTF, which is consistent with the predictions 

based on the simulations. These findings suggest that for focused and defocused systems it is possible to 

use amplitude information to characterize interferometric systems as long as linear approximations are 

met. Under scenarios where LSI is violated, the fauxTF and ITF will not represent system behavior and 

may not take the same shape as each other, disallowing predictability between the functions. 

5.2    Talbot effect and non-linearity 

 Coherent systems experiences frequency dropout under the presence of defocus and the 

simulations for defocused systems suggested that certain frequencies would be reduced to zero or low 

modulation at certain defocus distances. Observing Figure 29 and Figure 31 it is apparent that the 

predicted dropout frequencies associated with the simulations did appear in the collected ITF and fauxTF 

data. Based on equation (54) the drop out frequencies associated with 8mm of defocus should be:  
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𝑎J 𝑧s = 8𝑚𝑚 =

4(8𝑚𝑚)
1 + 2(𝑛 − 1) 635𝑛𝑚

2 ∗ 4(8𝑚𝑚)
1 + 2(𝑛 − 1) − 635𝑛𝑚

 

(55) 

The associated dropout frequencies for the different order quarter Talbot distances should be:  

Talbot order (n) 1 2 3 

Frequency (lp/mm) 9.921 17.18 22.18 

Table 1: Integer quarter Talbot distances for 8mm of defocus  

These values are consistent with the dropout frequencies associated with the 8mm defocus plots (6.1mm 

diameter stop passes all three orders, while 3.6mm diameter stop passes only the first order). The 3.6mm 

diameter and 6.1mm diameter ITF and fauxTF when plotted together (Figure 32) show that the dropout 

frequencies depend only on defocus distance, supporting the idea that the Talbot effect frequencies are 

observed in the ITF and fauxTF for defocus. This is backed up by the dependence on only the wavelength 

and defocus distance of the Talbot effect. At 9.9lp/mm, both ITF and fauxTF show frequency dropout, 

despite different speeds to the system. 
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Figure 32: ITF and fauxTF for 8mm of defocus with different size aperture stops 

While the ITF and fauxTF show dropout in frequency content that agrees with the Talbot effect 

equations, a single frequency input was simulated and measured in the laboratory. The findings tend to 

agree with the simulations, suggesting that for PSI the behavior can be linear under the proper conditions 

and for amplitude imaging the behavior is non-linear. To determine how the system actually handed 

throughput at the dropout frequencies, a square wave phase grating was used as a test object. By stopping 

down the aperture to only allow the fundamental frequency to pass through the stop, effectively creating a 

single frequency object. Observing that single frequency input, it can be seen in the frequency 

representation of the focused single-frequency input that there is a second order present during amplitude 

imaging when focused. PSI under the same scenario only shows strong response from the fundamental 

frequency as shown in Figure 33 and Figure 34.  
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Figure 33: Comparison of collected single frequency response data for amplitude and PSI imaging modes when in focus and 

when at a frequency dropout plane 

 

Figure 34: Comparison of frequency spectrum of collected single frequency data for amplitude and PSI imaging modes when in 

focus and when at a frequency dropout plane 
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The amplitude response behavior is not LSI and remains not LSI at a quarter Talbot distance, where the 

frequency doubling behavior continues, at the same amplitude as when the system was well focused. 

While the fundamental frequency disappears almost completely, as is expected, the frequency doubling 

non-LSI behavior persists, which agrees with simulations. The PSI frequency representation of the 

collected data shows a reduction in the fundamental frequency and slight responses at the second order of 

the fundamental frequency. Based on simulations, this behavior may backup de Groot’s condition of a 

small phase height being more representative of linear behavior as the object approaches h = 0. This is 

because the diffraction order power distribution, for a sinusoidal phase object, favors the -1 and +1 orders, 

resulting in lower magnitude, higher order frequency response (Figure 15). The step used in these 

experiments is ≈ 𝜆/13 and does not meet the ≪ T
|
 condition. This means that subtle non-linear effects 

could be observed. With this in mind, the presence of frequency doubling in the PSI should not be 

surprising, but this phase step does approximate linear behavior well. The presence of the fundamental 

frequency in the PSI Talbot plane data is likely from the human focus error in locating the exact quarter 

Talbot plane, although that would not change the frequency doubling behavior, only the magnitude of the 

fundamental frequency.  

 These findings suggest a few conclusions. For defocus, the frequency dropout associated with 

quarter Talbot distances is represented in the ITF and fauxTF. The presence of this kind of behavior in the 

ITF and fauxTF can help a test engineer identify that a system is out of focus. For amplitude imaging, the 

behavior is shown to be non-linear because one input frequency produces multiple frequencies at the 

output to the system. The fauxTF for amplitude imaging seems to demonstrate how the fundamental 

frequency is altered, but cannot represent the frequency doubling that occurs for a single frequency input, 

so representing this information with a transfer function that is used to define linear system behavior is 

misguided. The findings for defocus and single frequency input response shows that PSI approaches 

linearity as the phase edge height becomes smaller. The collected data, while demonstrating low 

magnitude non-linear response at the second order of a fundamental frequency input, shows that for a 
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well focused system that the fundamental frequency is the only significant amplitude frequency present 

for PSI. The amplitude data shows frequency doubling for both the focused data and the quarter Talbot 

distance data. While PSI and amplitude imaging are different processes, their ITF and fauxTF are still 

closely representative of each other for the case of defocus, despite approximate linear behavior for PSI 

and non-linear behavior for amplitude imaging.  

5.3    Astigmatism 

 Different amounts of astigmatism were induced into the optical system in order to see if the 

agreement between PSI and amplitude imaging ITF and fauxTF would continue. A cylinder lens was 

placed at varying distances after the second lens in the afocal relay, before the rear focal plane, to induce 

astigmatism as seen in Figure 35. The cylinder lens was mounted in a rotation stage to allow the focal 

plane axis to be oriented relative to the vertical edges used in testing.  

 

With 45Gastigmatism, simulations predicted a diffraction limited transfer function at medial focus, 

regardless the amount of astigmatism present in the optical system. When the cylinder lens was rotated to 

induce 0G astigmatism, the behavior was the same as defocus, which agrees with simulations. This type of 

transfer function should not be surprising based on the nature of astigmatism, which is just axially 

dependent focus.  

As shown in Figure 36, the ITF and fauxTF agree with each other for three different amounts of  

45G astigmatism with a vertical knife edge at focus. It can be seen that diffraction limited performance 

was achieved in that axis. These findings suggest that astigmatism, like defocus, is an extension of the 

Variable distance  

Figure 35: Optical system design for variable astigmatism 
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ITF and fauxTF agreement, meaning this characterization technique can be used for focused, defocused 

and astigmatic system characterization. 

 

Figure 36: Comparison ITF and fauxTF for different amounts of  45 degree astigmatism 

In the presence of 0«astigatism, the collected data matched predictions, which suggested a similar 

transfer function to defocus (Figure 37). The fauxTF and ITF show agreement in the drop out frequencies, 

but differ in the magnitude of the modulation peaks. The cutoff frequency is also slightly different 

between the two curves, most likely attributed to an inaccuracy in aperture stop adjustment. The similarity 
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between the two curves would imply under the presence of 0« and 45« astigmatism the fauxTF can 

predict the ITF behavior of an interferometer. 

 

Figure 37:Comparison of fauxTF and ITF for 0 degree astigmatism with 1.1 waves RMS of error 

5.4    Spherical aberration 

 Inducing spherical aberration was challenging due to the desired sampling rate of the PSF. This 

meant that a pixelated detector could not be used without some additional magnification. The system was 

very slow with the 6.1mm diameter stop. In order to induce enough spherical aberration using just 

improper shape factor, a 40mm focal length lens had to be used. A microscope was then used to magnify 

the image to a desired sampling rate for the PSF. This sampling rate was based on noise in the system and 

necessity for well-defined edge response data. The video microscope made focusing the spherically 

aberrated edge challenging, due to speckle, higher sensitivity of the system to defocus, and the fact that 

focusing a spherically aberrated object is challenging.  
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 Despite the challenges included in collecting this data, the results showed agreement between the 

ITF and fauxTF for amplitude imaging and PSI modes, as shown in Figure 38. A correlation coefficient 

of 85.14% was achieved despite defocus and noise having an effect on the agreement between the ITF 

and fauxTF.  

 

𝜆5 of spherical aberration  

The amplitude and phase data are displayed with median filters to reduce some of the noise is the raw 

dataset. This retains the slope of the data, while cleaning up the noise. The complexity of the experimental 

setup is thought to be the reason for the variation between the ITF and fauxTF. Despite the deviation, the 

two seem to be closely correlated and similar to their simulations (Figure 39). 
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Figure 39: Spherical aberration simulation compared to collected data for amplitude (Top) and phase (Bottom) imaging  
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6     DISCUSSION 

 Characterization of interferometers can be done a number of ways. A simplified method for 

determining the transfer function was proposed and investigated by de Groot. De Groot’s method 

compares a coherent imaging edge response to a PSI edge response when characterizing an 

interferometer. De Groot’s findings showed that an amplitude object could accurately return the ITF of a 

diffraction-limited system. The findings presented here extend de Groot’s findings by showing that 

defocused and aberrated optical systems can be characterized using coherent imaging techniques and an 

amplitude object as the test artifact. For all scenarios in this investigation, it was successfully 

demonstrated that an amplitude object can be used to characterize an interferometer’s ITF, by determining 

the fauxTF, which is very similar to the ITF. PSI edge response data was compared to coherent imaging 

edge response data, showing a high degree of correlation between the curves for each testing scenario. 

While de Groot and Zhou suggest that Fizeau interferometers can be used in coherent imaging mode to 

predict phase measurement behavior, this thesis shows that the agreement between amplitude and phase 

measurements is true for Twyman-Green interferometers as well. These findings suggest, for a wide range 

of optical systems, that precision phase step artifacts are no longer needed for transfer function 

characterization. Not only will the coherent imaging edge response technique save money by eliminating 

the need for expensive testing equipment, but it will make system characterization accessible to more 

engineers by allowing for precision characterization using just a partially covered mirror as the test 

equipment. Creating an amplitude edge is quite easy and most labs already have mirrors on hand that can 

be used for this technique. Based on the findings in this investigation, coherent imaging edge responses 

provide the same information that a PSI edge response will provide regarding the ITF of the optical 

system being characterized.  

 This study focused on the coherent imaging edge response technique when defocus and 

aberration content were present in the system. The shape of the ITF and the fauxTF degrade quickly from 

ideal diffraction limited scenarios. Findings by Zhou demonstrate that single frequency objects, measured 

using PSI and using coherent imaging, exhibited similar modulation trends versus spatial frequency. The 
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findings in this thesis agree with the findings of Zhou, where specific frequencies along the ITF and 

fauxTF were tested, confirming that the modulation trend seen in the ITF and fauxTF agreed with the 

single frequency response of the optical system for both PSI and coherent imaging. Zhou’s findings 

looked only at diffraction limited systems and how modulation between coherent imaging and PSI were 

similar. The findings in this thesis extend the similarity between coherent imaging and PSI modulation 

trends to include defocused and aberrated systems when analyzing single-frequency system response. 

This further backs up de Groot’s and Zhou’s claim that coherent imaging can be used to characterize the 

phase measurement performance of an interferometer. However, while these findings suggest the shape of 

the ITF and fauxTF both represent the behavior of the fundamental frequency being tested in the single-

freqnecy testing scenarios, frequency doubling was observed in the output data for coherent imaging. This 

is fundamentally non-linear and cannot be described with a transfer function. What this means is that, 

while coherent imaging can absolutely be used to identify the ITF of the optical system, the coherent 

imaging behavior is not perfectly similar to that of PSI. 

 Single-frequency response measurements give some insight into the general trend of transfer 

function curves. This insight can be helpful in confirming that measurements obtained at a specific 

frequency have a certain degree of accuracy. Despite the results of single-frequency responses, due to the 

non-linear nature of interferometry and coherent imaging, the trend lines obtained from these 

characterization techniques should be read with an understanding that they are fundamentally non-linear. 

To determine how far from a satisfactory linear approximation the system’s behavior is testing of an 

infinite number of possible multi-frequency input scenarios is necessary. This testing would confirm the 

extend to which the system’s behavior matches that of the ITF and fauxTF. Since this test is not possible, 

the ITF and fauxTF measured for systems with at non-diffraction limited performance cannot be 

confirmed as truly representative of a transfer function, because their linear nature cannot be fully 

confirmed. While the single frequency test used a square wave, which contains more than just one 

frequency, this test was only representative of the system’s behavior with one combination of input 

frequencies, which cannot prove a linear trend. Due to the fundamentally non-linear nature of 
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interferometry and coherent imaging, one must employ caution when discussing transfer functions if there 

are approximations being made about linearity when using non-diffraction limited systems.  

Non-linearity and linear approximations can be challenging to navigate, especially when 

interferometric performance can be critical to the success of the engineering process. This leads to a 

reasonable conclusion: if the ITF and fauxTF under defocused and aberrated conditions appear to be 

undesirable for the required performance of the instrument it is most likely not acceptable. Concern about 

the fauxTF after characterizing a system most likely means that the system will not perform at the level 

that is necessary. If diffraction-limited performance is observed in the fauxTF measurement, then the 

system is, more likely than not, operating at diffraction-limited performance. This study investigates the 

behavior of aberrated and defocused systems and concludes that, while coherent imaging can be used to 

characterize interferometric performance, the findings would strongly advise against someone using 

systems where the transfer function seems questionable. A good rule of thumb is that if the fauxTF’s 

shape seems concerning based on desired performance, then the performance of the system will likely, 

too, be concerning. However, despite the strange nature of the non-diffraction limited edge response, the 

findings in this study all suggest the same result: coherent imaging techniques can be used determine the 

ITF of an interferometer.  
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