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ABSTRACT 

This work presents the design, development, and testing of a field portable imaging 

spectropolarimeter that operates over the short-wavelength and middle-wavelength portion of the 

infrared spectrum. The sensor includes a pair of sapphire Wollaston prisms and several high order 

retarders to produce the first infrared implementation of an imaging Fourier transform 

spectropolarimeter, providing for the measurement of the complete spectropolarimetric datacube 

over the passband. The Wollaston prisms serve as a birefringent interferometer with reduced 

sensitivity to vibration when compared to an unequal path interferometer, such as a Michelson. 

Polarimetric data are acquired through the use of channeled spectropolarimetry to modulate the 

spectrum with the Stokes parameter information. The collected interferogram is Fourier filtered 

and reconstructed to recover the spatially and spectrally varying Stokes vector data across the 

image.   

The intent of this dissertation is to provide the reader with a detailed understanding of the 

steps involved in the development of this infrared hyperspectral imaging polarimeter (IHIP) 

instrument. First, Chapter 1 provides an overview of the fundamental concepts relevant to this 

research. These include imaging spectrometers, polarimeters, and spectropolarimeters. A detailed 

discussion of channeled spectropolarimetry, including a historical study of previous 

implementations, is also presented. Next a few of the design alternatives that are possible for this 

work are outlined and discussed in Chapter 2. The configuration that was selected for the IHIP is 

then presented in detail, including the optical layout, design, and operation. Chapter 3 then 

presents an artifact reduction technique (ART) that was developed to improve the IHIP’s 

spectropolarimetric reconstructions by reducing errors associated with non-band-limited spectral 

features. ART is experimentally verified in the infrared using a commercial Fourier transform 

spectrometer in combination with Yttrium Vanadate as well as Cadmium Sulfide retarders.  

The remainder of this dissertation then details the testing and analysis of the IHIP instrument. 

Implementation of ART with the IHIP as well as the employed calibration techniques are 

described in Chapter 4. Complete calibration of the IHIP includes three distinct processes to 

provide radiometric, spectral, and polarimetric calibration. With the instrument assembled and 

calibrated, results and error analyses are presented in Chapter 5. Spectropolarimetric results are 

obtained in the laboratory as well as outdoors to test the IHIP’s real world functionality. The 

performance of the instrument is also assessed, including experimental measurement of signal-to-
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noise ratio (SNR), and an analysis of the potential sources of systematic error (such as retarder 

misalignment and finite polarizer extinction ratio). Chapter 6 presents the design and 

experimental results for a variable Wollaston prism that can be added to the IHIP to vary the 

fringe contrast across the field of view. Finally, Chapter 7 includes brief closing remarks 

summarizing this work and a few observations which may be useful for future infrared imaging 

Fourier transform channeled spectropolarimeter instruments.  
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CHAPTER 1: INTRODUCTION 

This dissertation presents the design, implementation, and calibration approach related to the 

development of a short-wavelength infrared (SWIR) and middle-wavelength infrared (MWIR) 

imaging spectropolarimeter operating over σ = 2000-6667 cm-1 (λ = 1.5–5 μm). A spectrometer 

quantifies the power spectral density of light and is often applied for material characterization. 

Conversely, a polarimeter measures the polarization of light’s electric field and can be used to 

characterize surface structures. When employed separately, these two varieties of optical 

measurement devices find a vast array of uses: environmental monitoring, astronomy, medical 

imaging, and manufacturing are just a few of a multitude of applications (refs. 1–6 provide a 

small number of examples). Combining these two independent techniques results in the 

aforementioned spectropolarimeter, which measures the variation of the polarization state as a 

function of optical frequency. For the spectropolarimeter system developed in this dissertation, 

the application of interest is the remote sensing and characterization of natural and man made 

targets, including chemical plumes, solids, vehicles, and structures.  

1.1 Research Objectives 

The objective of this dissertation is to fuse two technologies, a Fourier transform spectrometer 

(FTS) and a channeled spectropolarimeter (CSP), to produce a new field-portable imaging 

spectropolarimeter instrument. New research includes the demonstration of imaging CSP with an 

imaging FTS. Furthermore, while both technologies have been independently developed and 

validated, particularly in the visible, this dissertation is the first infrared implementation and 

experimental demonstration of an imaging Fourier transform spectropolarimeter sensor. 

Additionally, new research also includes the development and validation of an artifact reduction 

technique (ART) to reduce errors in CSP reconstructions due to channel interactions. 

The overall result of this work is the realization of an instrument referred to as an infrared 

hyperspectral imaging polarimeter (IHIP) operating over the SWIR and MWIR spectral regions 

(σ = 2000 – 6667 cm-1, or λ = 1.5 – 5 µm). The IHIP is the first infrared implementation of CSP 

with an imaging birefringent interferometer, and operating over the selected passband provides 

opportunity to observe and quantify the spectropolarimetric variations of both reflective- and 

emissive-dominated signatures. The IHIP is relatively compact (~150 mm long, not including the 

imaging optics), does not require a high resolution translation mechanism, is significantly less 
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sensitive to vibration versus an unequal path interferometer due to its common path design, and 

operates over a full field of view (FOV) of +/-5o. Anticipated applications of the IHIP sensor 

primarily include remote sensing of vehicles, solids, and structures, which provide typical degree 

of polarization signatures in the SWIR and MWIR of 5 - 60% [7].  

This dissertation is organized as follows. This chapter provides a brief overview of the 

fundamentals of spectrometers and polarimeters separately, followed by a discussion of the fusion 

of these two techniques in spectropolarimetry.  The review of these techniques provided is brief 

and intended to provide the reader with sufficient background for the research in this dissertation; 

thorough reviews of these general techniques may be found in the literature [7 - 9]. A specific 

type of spectropolarimeter, the channeled spectropolarimeter, is implemented in this dissertation 

and thus an explanation as well as a historical perspective of this particular spectropolarimeter is 

also provided. Chapter 2 provides a discussion of the design considerations associated with the 

development of the sensor, resulting in a new imaging FTSP instrument. Chapter 3 introduces the 

artifact reduction technique and provides demonstration of its capabilities using a commercial 

FTS. Next, Chapter 4 presents the calibration of the IHIP sensor, including radiometric, spectral, 

and polarimetric calibration techniques, as well as the implementation of ART with the IHIP. 

Chapter 5 then presents the assembled IHIP instrument, and laboratory and outdoor data 

recovered with the sensor are provided and discussed. System performance is also analyzed using 

a number of metrics, including signal-to-noise ratio. A variable Wollaston prism is added to the 

IHIP in Chapter 6 to asses the fringe visibility variability that such an element can provide. 

Chapter 7 provides closing remarks. 

1.2 Spectrometers 

A spectrometer measures the spectral (optical frequency) nature of light and is a valuable 

technology in an ever-expanding number of fields [9]. A spectrometer can be as simple as a 

grating or a prism, interfaced with a linear detector array, such as depicted in Fig. 1. If a grating is 

used, for example, the incident light is dispersed into its spectral components in accordance with 

the grating equation  

  sin ,m n     (1) 

where Λ is the period of the grating, λ is the wavelength, n is the order number, and θm is the 

diffraction angle of the nth order. The dispersed images of the entrance aperture are focused onto 

the detector array via imaging optics. Because of the potential for high spectral resolution, 
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dispersive spectrometers are a commonly implemented hyperspectral solution (narrow spectral 

samples over a continuous spectral band), especially in the visible and near infrared [10]. 

 

grating 

linear 
array 

pinhole 

from 
source 

 

Fig. 1. A dispersive spectrometer using a grating.  

Conversely, Fourier transform spectrometers (FTS) exploit interferometric techniques and 

offer an alternative to dispersive spectrometer technologies. A typical FTS implementation using 

a Michelson interferometer is depicted in Fig. 2. Light from the object is divided to propagate 

along two different paths by a beam splitter (BS). The first beam reflects off a fixed mirror (M1), 

a distance l1 from the BS. The second beam reflects off of a movable mirror (M2), which is a 

distance l2=l1+Δz from the BS. After reflecting off of the mirrors, the beams are then recombined 

at the BS and relayed to a detector. The difference in optical paths traveled by the two beams is 

referred to as the optical path difference (OPD), where here OPDFTS = 2Δz. This results in 

interference between the two beams, and the intensity I at the detector is a function of OPDFTS, 

where 

     1
( ) cos 2 .

2FTS s FTSI OPD I OPD d     (2) 

In Eq. 2, 1 /  is defined as the wavenumber and Is is the intensity of the source. An 

interferogram can therefore be collected by sampling the intensity modulations while M2 is 

scanned through a uniform range of Δz values. The spectrum is recovered by taking advantage of 

the Fourier transform relation of spectral coherence to the interference fringe visibility envelope. 

This is usually done in electronic post processing of the interferogram using fast Fourier 

transform (FFT) algorithms.  
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Fig. 2. A Fourier transform spectrometer using a Michelson interferometer. Figure adapted from 
ref. 10.  

FTS instruments are often selected for infrared applications over dispersive spectrometers 

because they can result in higher signal-to-noise ratios (SNRs) and faster scan times when 

maintaining the multiplex (Fellgett) and throughput (Jacquinot) advantages [10, 11]. Briefly, the 

multiplex advantage is a result of the FTS integrating all wavelengths simultaneously on a single 

detector element, whereas a dispersive spectrometer distributes detection over an array of pixels. 

Assuming that both spectrometers operate using identical integration times and spectral 

resolutions, the result is typically an increase in SNR proportional to Q1/2 for an FTS over its 

dispersive counterpart, where Q is the number of spectral bands. Additionally, the throughput 

advantage is a result of the typically limited throughput of a dispersive spectrometer (due to the 

entrance slit) versus the throughput of the collimated input to an FTS. To achieve identical 

spectral resolving power, P, with both instruments, assuming the illuminated area of the grating is 

equivalent to the illuminated area of the BS, the throughput advantage of an FTS will be 

proportional to 2 , where   is the wavenumber, again defined as 1  . The throughput 

advantage can easily be larger than a factor of 50 in the infrared [10].  

Both of these spectrometer techniques can be extended to an additional spatial dimension to 

produce an imaging spectrometer. In general, an imaging spectrometer is used to measure a three 

dimensional dataset known as a spectral datacube, as illustrated in Fig. 3. The datacube consists 

of the two spatial dimensions in the sampled scene (labeled x and y), and the third dimension is 

the spectral data for each (x,y) location. An imaging spectrometer can be produced by using a 

dispersive spectrometer, such as the grating spectrometer of Fig. 1, to measure the spectrum at 

each (x,y) location; this implementation is often referred to as a ‘whisk broom’ spectrometer. An 

alternative modality is the ‘push broom’ spectrometer. In this configuration, the linear detector 
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array is replaced with a two dimensional focal plane array (FPA), and the scene is sampled by an 

entrance slit. Thus, the FPA samples one dimensional spatial data and the corresponding spectral 

components in a single integration time. The scene is then scanned along the orthogonal spatial 

dimension in order to assemble the spectral datacube. However, while a pushbroom spectrometer 

is more efficient, it is also more susceptible to a larger amount of spatial artifacts. 

 

x 

y 

σ=1/λ

 

Fig. 3. The spectral datacube recovered by an imaging spectrometer. Two dimensions of the cube 
correspond to the spatial information (labeled x and y), while the third is the spectral data (labeled 
σ).  

Similarly, the FTS can be extended to produce an imaging Fourier transform spectrometer 

(IFTS). To achieve an IFTS, the detector element in Fig. 2 is replaced with imaging optics and an 

FPA. At each pixel, the intensity collected remains proportional to the OPD. Thus, the data 

collected across the FPA can be considered a three dimensional interferogram datacube with 

dimensions (x,y,OPD). The spectrum can be recovered at each (x0,y0) pixel via a Fourier 

transformation. In practice, conventional IFTS sensors using Michelson interferometers are not 

widely used, even in the infrared.  

While the Michelson-interferometer-based FTS is the prevalent design, particularly for non-

imaging applications, many other interferometers have been suggested and implemented, 

including Sagnac interferometers [12], and birefringent interferometers based on Savart plates 

[14], and Wollaston prisms [15]. These three interferometers are examples of common path 

imaging interferometers and are advantageous for applications that are susceptible to vibration 

errors (as is often the case in remote sensing). Chapter 2 discusses the tradeoffs associated with 

each of these interferometers in detail relevant to this dissertation. 

It is important to note that the throughput advantage enjoyed by a non-imaging FTS over a 

non-imaging dispersive spectrometer does not in general extend to imaging spectrometer 

technologies. Furthermore, the multiplex advantage only prevails for an IFTS over a dispersive 
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instrument when both operate under detector noise limited conditions [16]. In fact, an IFTS may 

be subject to the so-called ‘multiplex disadvantage’ when operating under photon noise limited 

conditions [17]. However, there are many different application-based advantages and 

disadvantages of both of these techniques beyond the Fellget and Jacquinot; those that are 

specific to this dissertation will be discussed in Chapter 2.  

1.3 Polarimetry 

The polarization state of an electromagnetic wave indicates the direction of the oscillating electric 

field amplitude. Polarimetry quantifies this polarization state in order to discern information 

about the light or, more commonly, the materials it has interacted with prior to being measured. A 

multitude of applications for polarimetry exist, including manufacturing [4], chemical 

identification [18], ophthalmology [6], and astronomy [19]. One prominent application of 

polarimetry is remote sensing of targets, where polarization detection can offer improved signal 

to clutter and identification capabilities versus purely intensity-based observation [7]. Remote 

sensing is the application of interest for the instrument designed in this dissertation.     

There are several different formalisms used to describe a polarization state. Jones Calculus, 

for example, is often used to describe coherent light and allows for quantification of both the 

amplitude and absolute phase of the field. Alternatively, the Stokes vector allows for the 

representation of partially polarized and incoherent light, and thus is the typical notation used for 

remote sensing measurements. The complete Stokes vector S


 consists of four Stokes parameters, 

S0, S1, S2, and S3, which are defined by a series of intensity measurements and are given by 

   

0 0 90

1 0 90

2 45 135

3

( , , ) ( , , ) ( , , )

( , , ) ( , , ) ( , , )
, , ,

( , , ) ( , , ) ( , , )

( , , ) ( , , ) ( , , )R L

S x y I x y I x y

S x y I x y I x y
S x y

S x y I x y I x y

S x y I x y I x y

  
  


  
  

   
       
   
   

  


 (3) 

where   is the spectral variable, and (x,y) are the spatial coordinates of the image. Consequently, 

Eq. 3 defines S0 as the total photon flux (which may also be alternatively computed using 

45 135( , , ) ( , , )I x y I x y  , or ( , , ) ( , , )R LI x y I x y  ), while S1 denotes preference for 0o over 90o 

linear polarization, S2 for linear 45o over 135o, and S3 for circular right over circular left 

polarization states.  

Knowledge of the four Stokes parameters at a given  0 0 0, ,x y  value provides the complete 

state of polarization at a given spectral-spatial coordinate. However, obtaining the complete 
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Stokes vector requires at least four polarization measurements to be performed, and many 

techniques have been devised for measuring one or all of the Stokes parameters. For instance, a 

partial polarimeter can be as simple as a linear polarizer and a detector.  

One of the most commonly implemented solutions for measuring the complete Stokes vector 

is the rotating retarder polarimeter. While such a device can be made rather complex, a simple 

example of a rotating retarder polarimeter is illustrated in Fig. 4. Light from the scene is first 

incident on the rotating retarder, followed by an analyzer (a polarizer which analyzes the 

polarization state) and is then imaged by an objective onto an FPA. Intensity measurements are 

collected for several (again, at least four for a complete measurement) different orientations of the 

retarder; the modulations in the intensity collected from one measurement to the next can be used 

to determine the polarization state.  
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Fig. 4. A polarimeter using a rotating retarder and an analyzer. The scene is imaged for several 
different orientations of the retarder to ascertain the polarization state. 

As was the case with imaging spectrometers, obtaining higher order information from the 

scene beyond the two dimensional intensity requires additional measurements. Previously, the 

additional information was the spectrum; here, it is polarization state. Like with the push broom 

spectrometer, the rotating retarder polarimeter uses the additional degree of freedom available 

through time sequential measurements to determine the polarization state. However, sequential 

measurements will always suffer from some amount of temporal registration errors. Many 

alternative designs have been proposed in attempts to circumvent or reduce the errors associated 

with temporal misregistration, including multiple camera instruments [20], micropolarizer array 

sensors [21], and amplitude modulation polarimeters [22]. The references provided are meant to 
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serve as examples, though many different sensors in each type have been developed. Ultimately, 

each solution has its own design tradeoffs, and the most favorable solution is almost always 

application specific. 

1.4 Spectropolarimetry 

As indicated by Eq. 3, each of the Stokes parameters are variables of both space and frequency. 

The science of quantifying the spectral variation of the polarization state is referred to as 

spectropolarimetry. A simple example of a spectropolarimeter is the combination of a rotating 

retarder polarimeter with a dispersive spectrometer, as depicted in Fig. 5. Using this design 

scheme, the intensity modulations produced by the retarder are no longer band integrated by the 

detector, but are instead spectrally resolved by the spectrometer.  

 

grating 

linear 
array 

pinhole 

rotating 
retarder 

analyzer  

Fig. 5. A spectropolarimeter using a rotating retarder polarimeter interfaced with a dispersive 
spectrometer.  

Imaging spectropolarimeters can also be produced by using one of the imaging spectrometer 

systems described previously. Fig. 6 illustrates the four dimensional nature of the data recovered 

by an imaging spectropolarimeter. While an imaging spectrometer acquires the three dimensional 

datacube, an imaging spectropolarimeter measures four of these datacubes, one for each of the 

four Stokes parameters. As might be expected, the measurement sequence for imaging 

spectropolarimeters can become rather complex; for the system depicted in Fig. 5, multiple 

measurements must be acquired using the rotating retarder for each spectral sample, and this 

procedure must be repeated for each spatial sample of the scene. Multiple techniques for reducing 

the complexity of measurement and calibration of spectropolarimeters have been developed; the 

technique that is applicable to this dissertation is usually referred to as channeled 

spectropolarimetry and is discussed in the following section.  
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Fig. 6. The four dimensional nature of the data acquired by an imaging spectropolarimeter [23]. 

1.5 Channeled Spectropolarimetry 

Channeled spectropolarimetry (CSP) is a spectropolarimetric technique which uses an amplitude 

modulation scheme to alleviate some of the limitations of other spectropolarimetry systems. The 

general system has been developed and published several times throughout the last few decades. 

The earliest report is from Nordsieck in 1974, who designed the system specifically for 

astronomical measurements at the Lick Observatory [24]. Oka and Kato independently invented 

the system in 1999 [25]. Later, a similar design was proposed by Jones et al. in 2004 [26]. In this 

section, the overall CSP technique is described. This is followed by a historical review of CSP 

implementations to date. 

1.5.1 Channeled Spectropolarimetry Technique 

Like a rotating retarder polarimeter, a CSP implements retarder and analyzer elements to provide 

the polarization measurement. In fact, CSP can be considered a stationary extension of the 

rotating retarder polarimeter. To understand how the polarization measurement is achieved, it is 

illustrative to consider a partial CSP polarimeter, as depicted by Fig. 7. Here a single retarder R2 

of thickness d2 is used, with its extraordinary axis at 45o relative to the horizontal (y) axis. An 

analyzer A with a 0o (horizontal) transmission-axis is placed after the retarder, and together these 

two elements are used in front of a spectrometer. The retarder is ultimately a high order 

waveplate, and thus the polarization state of the light exiting the retarder is frequency dependent. 

Additionally, the polarization state of the light exiting the retarder is also dependent on its 

incident polarization state. Placing the fast axis of R2 at 45o sets the eigenstates of the element 

along +/- 45o. The result is that there is no interaction of the retarder with light polarized along 

this eigenstate, and thus any of the light described by the S2 Stokes parameter exits the retarder 



  23 

   

unaltered. Conversely, polarization described by S1 and/or S3 will be subject to retardation by the 

retarder. 
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Fig. 7. A partial channeled spectropolarimeter using a retarder with extraordinary axis as 45o and a 
horizontal analyzer. If the input is unpolarized, the spectrometer will measure an unmodulated 
spectrum (top graph). A polarized spectrum produces a modulated spectrum (lower graph in grey, 
with the S0 spectrum superimposed in black). 

Upon exiting the retarder, the light is then incident on the analyzer. Assuming an ideal 

element, half of any S2 intensity will be passed by the analyzer, independent of frequency. 

However, for any S1 and/or S3 components, the amount of light that is transmitted by the analyzer 

will be dependent upon frequency. Some wavelengths will exit the retarder horizontally polarized 

and be entirely transmitted; others will exit vertically polarized, and be entirely blocked. Most 

will exit elliptically polarized and the transmitted intensity will fall somewhere in between these 

extremes. The result is a sinusoidal modulation (in wavenumber σ = 1/λ) of the intensity 

transmitted by the CSP, which are measured by the spectrometer and can be used to determine the 

input polarization state using Fourier algorithms. 

With the above described CSP scheme, an unmodulated spectrum can indicate two 

possibilities (assuming the modulations are sufficiently sampled by the detector). Either the input 

light is unpolarized, or any polarization is described exclusively by S2. To allow for simultaneous 

measurement of all four Stokes parameters, a second retarder, R1, with its fast axis along the 

horizontal can be added to the CSP system to produce a complete spectropolarimeter, as depicted 

in Fig. 8. The inclusion of R1 ensures that S1, S2, and S3 are all subject to retardation by at least 

one retarder element, and thus any polarized input spectrum incident on the CSP will produce a 

modulated spectrum. The result is that a complete spectropolarimetric measurement is made in 
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one spectrometer measurement. Thus, CSP removes the temporal misregistration effects 

associated with a rotating retarder polarimeter. It is important to note, however, that the CSP 

system can still be subject to temporal errors if the spectrometer itself requires time sequential or 

time-domain dependent measurements (such as is the case with a scanning dispersive 

spectrometer or a scanning FTS).  
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Fig. 8.  Complete CSP setup using two high order retarders. Seven independent channels are 
present in the interferogram.  

In general, a CSP can be realized using either a dispersive spectrometer or an FTS. The usual 

implementation follows the layout of Fig. 8, with the polarization analyzing optics placed in or 

near the entrance aperture to the spectrometer. A dispersive spectrometer will measure the 

modulated spectrum directly, while the FTS will collect the frequency information via the 

interferogram. The result is referred to as a channeled interferogram, where seven independent 

channels of information are now present in the data collected in the FTS (intensity as a function 

of OPD). The interferogram collected by a Fourier transform channeled spectropolarimeter 

(FTSP) yields direct access to the spectral carrier frequencies containing the Stokes parameter 

information. Consequently, the spectropolarimetric data can be extracted from the Fourier domain 

via a direct measurement, resulting in a more straightforward means of data acquisition versus 

other CSP techniques. Furthermore, using an FTSP results in the additional flexibility of selective 

measurement of any finite range of optics path differences (OPDs), providing for the acquisition 

of higher spectral resolution data for each Stokes parameter versus a diffraction-based 

spectrometer. 



  25 

   

An example of a channeled interferogram collected by a non-imaging FTSP is depicted in Fig. 

9. The channel divisions are artificially superimposed. Three distinct channels are isolated and 

Fourier analyzed to recover the complete spectrally varying Stokes vector. The procedure for 

recovering the spectropolarimetric data from an FTSP is discussed in detail in Chapter 2. 
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Fig. 9. A channeled interferogram collected by an FTSP. The channel divisions are superimposed. 

Typically, FTSPs are designed such that the frequencies of the intensity modulations produced 

by the retarders are much higher than most of the frequency information present in the S0 

spectrum, as illustrated by Fig. 9. This will ensure that the frequency data associated with the 

each CSP channel is distinct and can be analyzed independently of the S0 spectral information, 

though generally speaking some amount of S0 interaction is unavoidable. Part of this dissertation 

is an investigation on how to minimize these interactions, through a deconvolution process, as 

introduced in Chapter 3. Regardless, developing a CSP system therefore involves designing R1 

and R2 to provide the desired amount of channel separation. Conventionally, the retarders are also 

designed to be in a 1:2 or 1:3 thickness ratio, to ensure equal channel spacing in the OPD domain. 

Though requiring additional retarder material, a 1:3 thickness ratio is usually advantageous versus 

1:2 in that it removes any dichroism artifacts (which affect data quality) from the various 

channels used to reconstruct the Stokes parameters [20]. 

Implementing CSP with an imaging FTS results in a channeled interferogram being assembled 

for each (x0,y0) value. Each channeled interferogram can be reconstructed independently to 

provide the complete spectropolarimetric data across the image. One significant advantage of 

using a channeled spectropolarimeter for imaging applications is that CSP is not in general 

subject to the sub-pixel image registration errors that many rotating retarder and microgrid array 

polarimeters suffer from. These techniques demand high precision image registration algorithms 
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to ensure less that 1/20 of a pixel shift between measurements to avoid edge effects which may 

disrupt data [7]. 

1.5.2 Channeled Spectropolarimetry Historical Background 

Many CSP designs have been developed, and it is not surprising that the CSP technique has been 

‘discovered’ multiple times over the last 35 years. This subsection provides a review of the CSP 

instrumentation development and application to date. 

The earliest recorded CSP design was proposed by Nordsieck in 1974 [24]. The non-imaging 

system was designed specifically to be implemented at the Lick Observatory in California. Two 

quartz retarders and an analyzer in the geometry of Fig. 8 were added to a Cassegrain dispersive 

spectrometer and image tube scanner system. The CSP was demonstrated on fully polarized light, 

as well as real data from a Cygni red star. Nordsieck’s design was appreciated in the astronomical 

community, and several papers used results obtained with the CSP system (such as refs. 28 and 

29).  

It appears, however, that outside of astronomy, Nordsieck’s system received little attention. 

In 1999, the CSP system was independently invented by Oka and Kato [25], who presented a 

similar non-imaging design using quartz retarders and an optical spectrum analyzer. The system 

was demonstrated in the lab using a polarization state generator consisting of a Xenon arc lamp, a 

polarizer, and a Babinet-Soleil compensator.  

After being suggested by Oka and Kato, CSP was adapted for a number of applications 

throughout the optics community. Sabatke et al. suggested implementing the CSP retarder 

scheme with a Computed Tomographic Imaging Spectrometer to produce a snapshot imaging 

spectropolarimeter sensor (CTICS) [23]. The design was implemented and tested in the visible 

and infrared shortly thereafter [30, 31].  

In 2004 Jones et al. implemented CSP with an Offner spectrometer to provide a field portable 

imaging spectropolarimeter [26]. The system operated as a dispersive scanning 

spectropolarimeter, providing a snapshot spectropolarimetric measurement at each slit sample. 

The sensor was demonstrated in the laboratory as well as outdoors. 

Taniguchi and Oka presented new CSP results in 2006 with the introduction of a novel 

calibration technique that removed the requirement of acquiring independent calibration data in 

order to recover the Stokes parameters from a CSP measurement [32]. Both the traditional 

reference calibration technique, as well as this new self-calibration method will be discussed in 

Chapter 4 of this dissertation.  
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Many other applications of CSP have been published in the literature. CSP for optical testing 

in the near infrared (NIR) via a fiber interferometer was presented in 2005 using dispersive 

techniques, and in 2006 using interferometric techniques, by Kim and Milner [33, 34]. Okabe et 

al. reformatted CSP to produce a polarization state generator (CPSG) that may be used as a 

source to evaluate the spectropolarimetric properties of a sample [35]. Due to the ordering of the 

polarization elements, a CPSG can be advantageous over traditional CSP when measuring a 

transmissive sample in the laboratory.  

The CSP technique was used by Hagen et al. to produce a snapshot non-imaging channeled 

Mueller matrix spectropolarimeter (CMMSP) in 2007 via simulation [36]. The CMMSP used a 

CPSG and a traditional CSP system and provided additional channels for the measurement of the 

Mueller matrix elements. The system was adapted and demonstrated in two visible non-imaging 

configurations by Otani et al. in 2008 [37] and Dubreuil et al. in 2009 [38].  

Historically, most of CSP systems have been designed to operate in the visible and/or NIR, 

with the exclusion of CTICS. In 2007 Kudenov et al. suggested implementing CSP with a 

commercial non-imaging infrared Michelson interferometer FTS to produce the aforementioned 

Fourier transform channeled spectropolarimeter (FTSP) [27]. The system was implemented in the 

MWIR using Yttrium Vanadate (YVO4) retarders and wire grid polarizers. Dichroism in the 

retarders resulted in the development of a new calibration algorithm requiring two calibration 

measurements to reconstruct the complete Stokes vector without dichroism artifacts. Laboratory 

results were provided, demonstrating the effectiveness of the technique.  

A partial linear polarimeter, similar to the instrument presented in Fig. 7, is often desirable. 

Snik et al. presented such a channeled linear polarimeter in 2009 [39]. The instrument used a 

quarter wave retarder in addition to a single high order CSP retarder to provide measurement of 

S0, S1, and S2. In addition, the CSP retarder used was designed using multiple materials to provide 

an athermal retarder thus reducing polarimetric reconstruction errors associated with thermal drift 

of the instrument. A double measurement modality was also introduced to provide a means to 

isolate the S0 spectral data from the polarization measurement. A technique which builds on this 

multi-measurement concept will be discussed in Chapter 3.  

Recently, Li et al. has combined CSP with a birefringent interferometer (BI) to produce an 

imaging spectropolarimeter [40]. The system uses a single Wollaston prism as the BI, and a 

different OPD is measured at each pixel across the FPA. To assemble the interferogram for a 

single object point, the channeled interferogram is collected on a pixel-by-pixel basis as the scene 
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is scanned. This system is one of the most similar designs to date with respect to the configuration 

presented in this dissertation, and a discussion including a comparison of this class of imaging 

spectropolarimeters to the one selected for this work may be found in Chapter 2. 

Other recent work in the field of CSP includes the use of a white light continuum source for 

laboratory measurements [41]. Apart from the light source, the CSP system used in the study was 

traditional; however, use of the white light continuum as a coherent source allowed for accurate 

measurement of the Stokes parameters, even in the case of a highly attenuating sample. 

One intention behind this brief historical review is to illustrate the limited infrared imaging 

applications of CSP that have been attempted to date, apart from the CTICS instrument. 

However, producing an imaging CSP using this technique, though snapshot, has several 

limitations, including relatively low spatial and spectral resolution, as well as a high degree of 

data multiplexing which results in object dependent spectropolarimetric reconstruction errors. 

The results of Kudenov [27] and Snik [39] presented in this section provide a basis for the 

research presented in this dissertation. Specifically, this work will extend the non-imaging FTSP 

results to produce an imaging infrared spectropolarimeter system that collects a channeled 

interferogram datacube. Furthermore, the technique presented by Snik can be expanded upon to 

provide a method to isolate S0 data from S1, S2, and S3 data in a channeled interferogram, thereby 

reducing errors in CSP reconstructions.  
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CHAPTER 2: DESIGN CONSIDERATIONS 

With imaging spectrometers, imaging polarimeters, and imaging spectropolarimeters, the 

objective is to use a two dimensional detector array to obtain an additional degree or degrees of 

information beyond the spatially varying intensity. In order to achieve this, there are various 

compromises that must be incorporated into the design. For example, many imaging spectrometer 

sensors assemble the three dimensional datacube of (x,y,σ) information from a collection of time 

sequential samples. Ultimately, unless the data acquisition technique is snapshot in nature (i.e., all 

of the data is acquired in a single camera integration time), temporal misregistration will always 

affect data quality. The impact of temporal artifacts should always be a point of consideration in 

any imaging spectrometer or, in this case, imaging spectropolarimeter design process. This is one 

aspect of the IHIP design that will be discussed in the following chapter. 

This chapter begins with a discussion of the design requirements associated with this research 

and several of the potential design solutions which could be implemented to fulfill these 

requirements. The selected sensor configuration and data acquisition methodology are then 

presented in detail. Finally, aspects of the optical design and assembly of the infrared 

hyperspectral imaging polarimeter (IHIP) instrument are discussed. 

2.1 Design Strategy 

The motivation behind this work is the development of a field portable imaging 

spectropolarimeter. The anticipated applications of the sensor include the remote sensing of 

vehicles, solids, and structures, and the specifications for this instrument are as follows: 

1. A spectral passband spanning σ = 2000 to 6667 cm-1 (λ = 1.5 to 5 µm). 

2. The instrument must operate over a +/-5o full field of view (FOV) with at least 256-

by-256 spatial samples. The spectropolarimeter should ideally interface with a 

commercial camera system to mitigate costs. 

3. The spectral (S0) resolution of the instrument must be at least 50 cm-1 across the 

passband. 

4. The complete Stokes vector should be recovered at each spatial sample. 

5. The instrument must be field portable (for example, interface with a tripod), vibration 

tolerant, and relatively compact (ideally, less than 200 mm long, excluding the 

commercial objective/detector system).  
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Based on these design specifications, a number of different solutions are possible, each with a 

distinct set of advantages and disadvantages. With respect to temporal misregistration errors, 

most instruments will be susceptible to one or two classes of errors. For instance, in spatial 

scanning instruments, temporal error manifests itself may as a spatial misregistration for dynamic 

objects in a given scene. Alternatively for an interferometric system, temporal error may result in 

a loss of reliable interferogram data.  Additionally, some sensors are subject to both classes of 

errors. Selecting which type of design is most appropriate is usually in some part the result of a 

resolution tradeoff strategy. However, this is just one of several points of consideration when 

finalizing a system design. This section provides a brief overview of four of the possible 

instrument designs that could have been implemented for the IHIP: a dispersive imaging 

spectropolarimeter, and three interferometric spectropolarimeters. The advantages and limitations 

of each configuration are also outlined. Additionally, all of the designs presented in this section 

require some form of spatial scanning in order to assemble the spectropolarimetric datacube. 

While it is certainly possible that any of the presented designs could be used to produce an 

instrument that would meet the outlined specifications, the subsequent analysis indicates that an 

alternative strategy which removes the need for spatial scanning is the overall best choice for the 

IHIP. The selected IHIP design is explained in detail in section 2.2. 

2.1.1 Dispersive Imaging Spectropolarimeter  

As discussed in Chapter 1, a dispersive spectrometer is often regarded as an inferior instrument 

relative to an FTS in the infrared because of the multiplex and throughput advantages of the latter 

instrument. However modern FPA technologies, in addition to the adaptation of both techniques 

to imaging sensors, have in general negated these advantages for imaging spectrometers [16]. In 

light of these recent conclusions, this section presents an alternative IHIP design using a 

dispersive spectrometer.  

A dispersive IHIP design could be achieved using channeled spectropolarimetry (CSP) with a 

traditional push broom grating spectrometer. To achieve the desired spectral resolution across the 

passband, a dispersive spectrometer would need to provide at least 312 spectral samples. 

Assuming a large format FPA with at least 500-by-500 pixel elements (readily available in the 

SWIR/MWIR), both the spectral resolution and FOV requirements can be achieved. Furthermore, 

a dispersive imaging spectropolarimeter likely provides one of the best design solutions with 

respect to temporal misregistration; a channeled interferogram is collected simultaneously for all 
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pixels imaged through the slit with minimal temporal error. The temporal resolution tradeoff in 

this class of instruments is the potential loss of spatial data, as dynamic events occurring outside 

the slit’s field of view will not be detected.  However, this is often a tolerable concession in 

consideration of the ability to acquire snapshot spectropolarimetric data. 

The limitations that make a dispersive IHIP impractical relate to the large passband of the 

instrument, as using a grating over a spectral band of larger than an optical octave results in 

considerable design complications. For example, a blazed grating is often selected for a 

spectrometer because it sends all of the light into a single diffraction order at the design 

wavelength. Using a Fourier series analysis, the diffraction efficiency  of the nth order produced 

by a blazed grating follows 

   2
0( ) sinc ( / ) .n n        (4) 

In Eq. 4, λ0 is the design wavelength for the n = 1 order (such that 1 0( ) 1   ), and sinc(u) = 

sin(u)/u. Thus the diffraction efficiency in a given order is spectrally dependent. For wavelengths 

near λ0, relatively high efficiency is maintained and the efficiency falloff is generally tolerable. 

However, the passband of the IHIP exceeds the passband of the first order. Fig. 10 (a) depicts the 

diffraction efficiency for the n = 1 and n = 2 orders as a function of wavelength for a blazed 

grating designed for 3.5 µm (2857 cm-1). The atmospheric transmission is superimposed for 

reference. As illustrated, this grating is simultaneously blazed for the n = 2 order for 1.75 µm 

(5714 cm-1). Different design wavelengths may be used to optimize the efficiency, but the result 

is always low diffraction efficiency for some wavelengths in any one order.   

Additional complications induced by the large passband relate to the diffraction angle of the 

light exiting the grating. Assuming the same design described above (blazed for 3.5 µm at n = 1), 

there would be a significant overlap between the n = 1 and n = 2 diffraction orders on the FPA, 

resulting in data multiplexing. Fig. 10 (b) depicts the theoretical diffraction angles for this design, 

assuming a Λ = 15 µm grating period. The angular values of order overlap are highlighted in red. 

Also note that the area of overlap corresponds to the regions of high diffraction efficiency for 

each of the orders. Though it’s possible that this multiplexing could be accounted for via 

calibration, data quality is likely to suffer.  
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Fig. 10. Blazed diffraction grating results. (a) The diffraction efficiency for the n=1 and n=2 orders 
for a blazed diffraction grating. The atmospheric transmission is superimposed for reference. (b) 
Spectral diffraction angles for the two orders of the grating. The angular values where the two 
orders overlap are highlighted in red.  

It may be possible to remove the limitations of this design by incorporating two cameras. 

However, this option is prohibitively expensive due to the high cost of SWIR/MWIR focal planes 

arrays. Furthermore, additional difficulties arise when implementing CSP. For example, the 

measurement of two overlapping orders (each with its own modulated spectrum) would 

complicate the recovery of polarization data. Additionally, to ensure that the CSP spectral 

modulations would be resolved by the spectrometer across the passband with at least two pixels 

per fringe, relatively low order retarders would have to be implemented.  As discussed in section 

1.4, retarder thickness is designed to take advantage of all the available frequency space through 

an equal spacing of the CSP channels. However, the dispersive design formulated here will likely 

be incapable of resolving the carrier frequencies produced by high order CSP retarders. Lower 

order retarders ultimately result in a decreased spectral resolution in each Stokes parameter. 

Assuming a 500-by-500 pixel detector, the overall result is that the dispersive spectropolarimeter 

will be subject to a spectral resolution in each CSP channel of approximately Δσ = 200 cm-1. For 

comparison, the finalized IHIP design offers Δσ = 120 cm-1. 

2.1.2 Interferometric Imaging Spectropolarimeter 

A commonly implemented alternative to the dispersive spectrometer in the infrared is the Fourier 

transform spectrometer (FTS). As discussed in Chapter 1, many FTS designs utilize a Michelson 

interferometer. Although the Michelson interferometer has demonstrated successful FTSP 

reconstructions in the laboratory [27], unequal path interferometers possess several characteristics 

order 
overlap 
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that make outdoor field measurements impractical. Most significantly, because the interferogram 

is created from light propagating along two independent paths, vibration can introduce 

considerable phase measurement errors. Furthermore, for a Michelson interferometer specifically, 

sufficient sampling of the interferogram often requires sub-micron mirror movement, demanding 

the use of a voice coil or other high sensitivity translation mechanism. However, an FTS is 

certainly not limited to a Michelson-based implementation. The following is a discussion of 

several interferometer options that showed potential for producing the IHIP, including their 

advantages and limitations.  

To remedy the problems associated with the unequal path nature of the Michelson, a common 

path interferometer may be used instead. A fairly prevalent reflective interferometer of this type 

is the Sagnac interferometer. A simple schematic of a Sagnac is depicted in Fig. 11. A 

beamsplitter (BS) is used to propagate the incident light along two opposite but equivalent paths. 

A lateral shear is produced by a fixed displacement of the two interferometer mirrors. The beam 

is recombined at the BS and the interference is imaged using an objective and an FPA. The result 

is a spatially varying optical path difference OPDSagnac given by 

  1 2( )
( ) ,Sagnac

a a x
OPD x

f


  (5) 

where x is one dimension of the FPA, f is the focal length of the objective, and (a1 - a2) is the 

relative displacement of the mirrors. Eq. 5 indicates that OPDSagnac varies spatially across the 

image. Consequently, similar to the aforementioned dispersive spectrometer, thus a Sagnac is 

used as an imaging FTS by scanning the instrument’s field of view across a scene. However, 

besides the scanning mechanism, the data collection methodology for a Sagnac imaging FTS is 

quite different than with a dispersive imaging spectrometer. Unlike with a dispersive instrument, 

where snapshot spectral data is acquired for each image point passed through the entrance slit, the 

interferogram from a Sagnac is assembled as the image is scanned across the FPA in time. This 

subjects each spatial (x0, y0) data point to the spatially varying OPD. Sagnac interferometry has 

been experimentally verified in the LWIR [12] and in the VNIR [13].  

 Implementing CSP with the Sagnac interferometer requires placing the CSP retarders at the 

entrance aperture of the interferometer, resulting in the measurement of the channeled 

interferogram across the FPA using the spatial scanning mechanism described. An FPA of at least 

500-by-500 pixels would be sufficiently large to meet the spectral resolution and sampling 
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requirements outlined by the design specifications. In fact, at least 267 interferogram samples 

must be acquired to recover the passband at 50 cm-1 without aliasing, assuming a single sided 

interferogram. This is slightly less than the 312 samples needed for the dispersive spectrometer. 

However, in practice a single sided interferogram is rarely acquired and thus it is more realistic 

that approximately 320-330 samples, including some from the negative portion of the 

interferogram, would be acquired.  
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Fig. 11. Sagnac interferometer schematic. The common path reflective interferometer uses a beam 
splitter (BS) and two mirrors to provide a shearing interferometer.  

While using a Sagnac interferometer (or similar reflective designs) may a feasible solution, 

this design would require an afocal telescope to achieve the required field of view. Such a 

solution adds cost and complexity to the final system. Furthermore, like a Michelson, the Sagnac 

interferometer configuration does not typically lend itself to a compact design due to the double 

arm, reflective nature of the instrument.  

In consideration of these disadvantages, a different common path interferometer may offer a 

better solution than a Sagnac. Birefringent interferometers offer an alternative to reflective 

interferometers. Perhaps the most analogous birefringent interferometer to a Sagnac is the Savart 

plate (SP) interferometer, depicted in Fig. 12. An SP consists of two plates of birefringent 

material, where the fast axes of the crystal are orthogonal and at a 45 degree angle relative to the 

faces of the plate. The interferometer produces a lateral shear between orthogonally polarized 

modes propagating through the SP. As with a Sagnac, this can be translated into interference by 
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using the SP with a lens. The functional form of the optical path difference, OPDSP, is similar to 

that provided for the Sagnac interferometer, where 

  
( )

.
2

SP
SP

x y
OPD

f

 
  (6) 

Thus Eq. 6 is identical to Eq. 5 except the mirror displacement has been replaced with the shear 

introduced by the SP, ΔSP, and the fringes are now located at a 45o angle relative to the x and y 

dimensions of the focal plane. Again, the scene must be spatially sampled (scanned) to assemble 

an interferogram datacube in this configuration.  
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Fig. 12. A Savart plate FTS. Like a Sagnac, the Savart plate instrument creates a lateral shear, 
resulting in interference when used with an imaging system (shown here as a singlet and an FPA). 
The fast axes orientation in the second plate of the SP is at 45 degrees relative to the x- and z-axes. 
Adapted from ref. 14. 

Limitations associated with an SP design relate to material constraints. Assuming a 

commercial 50 mm focal length, f/2.5 objective is selected for the IHIP to achieve the desired 

FOV and no forefront optics are used, then the SP’s clear aperture needs to be 35 to 40 mm in 

diameter. This will enable the SP to interface with the camera without introducing vignetting. 

Such a large clear aperture limits the materials available for fabricating the SP to sapphire; other 

birefringent materials that are transmissive over the given passband, such as Yttrium Vanadate 

(YVO4), are not available for manufacture in sizes larger than 25 mm (this may not be strictly 

true, but a manufacturer willing to fabricate YVO4 for dimensions larger than 25 mm could not be 

located). However, the relatively low birefringence of sapphire results in a physically unrealistic 

SP. Specifically, the shear of a SP is given by 
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where ne and no are the indices of refraction of the birefringent crystal, and t is the thickness of 

the SP. To achieve sufficient sampling of the interferogram in order to avoid aliasing across the 

spectral passband (using the anticipated FPA pixel size of 15 - 30 µm, a 500-by-500 array 

operating at f/2.5, and an f = 50 mm focal length lens to achieve the desired FOV), the thickness t 

of the sapphire SP must be at least 175 - 350 mm.   

A single Wollaston prism (WP) can alternatively be used to produce an equivalent instrument 

with respect to the SP design, as depicted in Fig. 13. In general, a WP is composed of two 

birefringent wedge prisms, where the fast axes of the crystal has been rotated by 90o from one 

wedge to the next. The design presented here is similar to one recently suggested by Li et al. [40]. 

The OPD given by a single Wollaston prism is  

  2 tan ,WPOPD By   (8) 

where B is the birefringence of the crystal, y is the spatial dimension, and θ is the apex angle of 

the prism. Just as the case with the SP and the Sagnac, the scene must be scanned to assemble the 

channeled interferogram for each image location, and a 500-by-500 pixel detector array would 

offer sufficient spectral and spatial resolution. Alternatively, a similar design could be produced 

by imaging the scene directly onto the Wollaston prism (as opposed to using the foreoptics and 

field stop).  

However, the divergence of the rays produced by a single Wollaston prism design results in 

the interference fringes being localized at the prism wedge. Thus typical applications require 

either mounting the Wollaston prism to the focal plane array, which is prohibitive for this work, 

or using additional optics to relay the interference to the FPA, which would also incorporate 

additional cost and complexity. Furthermore, to achieve sufficient sampling of the interferogram 

with the same FPA parameters provided in the SP discussion, excessively large prism apex angles 

are necessary. For example, an apex angle of 21o is required if sapphire is used, assuming a prism 

diameter of 40 mm. Note that even larger angles are required if the prism was instead mounted to 

the FPA. Large apex angles can produce additional beam splitting and deviation effects which 

limit the fringe visibility across the field of view. This is discussed in more detail in section 2.3.  
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Fig. 13. A single WP imaging FTS. The interference fringes are localized at the wedge and 
therefore reimaging optics are used in this layout to relay the interference to the FPA. Adapted 
from ref. 40.  

With respect to the resolution tradeoff strategy discussed at the beginning of this section, one 

primary limitation common to all three of these interferometer designs is that they are subject to 

temporal misregistration in space as well as time. This can be attributed to the data collection 

methodology, which requires that the channeled interferogram for each image coordinate is 

assembled as the scene is scanned. Thus, any variations in the scene as the interferogram 

datacube is collected will result in interferogram errors. Additionally, the scanning mechanism 

leaves these sensors susceptible to a loss of spatial information during data collection, similar to a 

dispersive spectrometer implementation. In other words, it is possible to entirely miss the event of 

interest if the instrument is has not collected the corresponding complete channeled interferogram 

data. 

An additional limitation with the three interferometer designs presented here relates to the 

spatial sampling of the channeled interferogram. Because the number of samples collected is 

limited to the number of pixels available on the focal plane array, very little design flexibility is 

incorporated, and the instruments demand considerably larger array sizes than the instrument 

specifications require. Alternatively, sampling the channeled interferogram in the time domain 

offers significantly increased flexibility in interferogram sampling as well as the potential spectral 

resolution of the instrument. Based on these advantages and the overall limitations of the four 

designs presented here, an imaging FTSP design which measures the channeled interferogram in 

the time domain was developed for the IHIP. While this instrument is susceptible to temporal 
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artifacts in the channeled interferogram, the IHIP sensor is not subject to the design problems and 

limitations that affect the interferometer and dispersive implementations presented in this section. 

Thus a temporal scanning instrument offers the best overall configuration. The details of the 

design are offered in Chapter 3.  

2.2 IHIP Sensor Configuration and Interference Model 

The birefringent interferometer configuration selected for the IHIP is based on an imaging FTS 

designed and successfully demonstrated in the visible spectral region by Harvey and Fletcher-

Holmes [15]. The IHIP interferometer implementation is depicted in Fig. 14 and consists of a pair 

of Wollaston prisms (W1 and W2) with identical apex angles (θ) and azimuthal extraordinary axes 

orientations of +/-45o relative to the horizontal (y) axis, in the xy-plane. A high order retarder 

(R3), with its extraordinary axis oriented at +45o, also in the azimuth, is positioned behind W2. 

Lastly, two linear polarizers (P1 and P2), oriented with their transmission axes parallel to the y-

axis, are also included. Polarizer P1 uniformly polarizes the incident field, which is decomposed 

by W1 into two equal-amplitude but orthogonally-polarized constituents. At the interface of the 

first prism a small angular divergence is introduced. These two orthogonally-polarized rays 

continue to diverge until the interface of W2, where they are refracted to propagate collinearly. By 

using W1 and W2 together, a spatially uniform retardance (to first order) is provided, and retarder 

R3 provides an additional retardance that enables a single-sided interferogram to be measured. 

Polarizer P2 filters the polarization state and an objective images the rays onto the focal plane 

array (FPA).  The combined throughput loss of the two polarizers will nominally vary between 

25-50% based on the input spectropolarimetric state.  

A variation in OPD is produced by translating the centerline of W2 relative to the centerline 

of W1 by a variable displacement h (in the y-direction in the xy-plane). As the prism is translated, 

intensity modulations are recorded at each FPA pixel to assemble the interferogram. The OPD 

produced by the interferometer (on-axis) is given by  

      3( , ) 2 tan ,IHIPOPD h B h B d                (9) 

where σ is the wavenumber, defined as 1  , o e( ) ( ( ) ( ))B n n     is the birefringence of the 

crystal, and d3 is the thickness of retarder R3. Note that in Eq. 9, it is assumed that the same 

material is used both the Wollaston prisms and R3, though this is not strictly necessary. The 

intensity I collected at a single (n, m) pixel will follow 
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1
( , , ) , , cos 2 .

2 IHIPI n m h S n m OPD h d     (10) 

The data collected across the FPA can be considered a three dimensional interferogram datacube 

with dimensions (x, y, OPDIHIP), and the spectrum can be recovered at each pixel via a Fourier 

transformation. 

 

h 

W1 

W2 

45o 

θ 

-45o θ

-45o

45o

Objective 

P1 

(0o) 

P2 

(0o)

R3

I

h 

d3

FPA 

45o

z 

y 

x 

 

Fig. 14. Imaging Fourier transform spectrometer using a birefringent interferometer. Two 
Wollaston prisms, W1 and W2, and a high order retarder, R3, are used in series between two 
polarizers, P1 and P2. An objective lens focuses the interference onto the focal plane array. To 
assemble an interferogram at each pixel, W2 is translated while frames of data are collected.  

Per Eq. 9, the inclusion of retarder R3 in the interferometer shifts the OPD’s origin (i.e. the 

location of the centerburst) by an amount equal to Bd3 for the on-axis pixel. By selecting the 

thickness of R3 such that  3 max0.6 2 tanBd Bh  , where hmax is the maximum W2 translation, the 

result is a phase-correctable, nearly single-sided interferogram, with almost twice the maximum 

OPD (OPDmax) collected by the interferometer for the same hmax, versus the interferogram 

obtained without R3 included. The advantage of shifting the interferogram is that the spectral 

resolution of an FTS,  , is given by [11] 

   max1 .OPD   (11) 

Thus, by collecting an almost single-sided interferogram with the IHIP, Eq. 11 implies that the 

spectral resolution will be improved by nearly a factor of two versus the resolution offered by a 

double sided interferogram with the same hmax value. Phase correction on this single-sided 
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interferogram can be performed using the Mertz phase correction technique [42], which uses the 

symmetric portion of the interferogram (around the centerburst) to calculate low frequency phase 

errors. 

Implementation of the birefringent interferometer design into the complete IHIP system is 

depicted in Fig. 15. To produce an IFTSP, two additional high order retarders, R1 and R2, with 

fast axes orientations at 0o and 45o relative to the horizontal, respectively, are placed in series 

before P1. The form of the interferogram at single (n, m) pixel produced by the complete IHIP 

system can be determined from a Mueller calculus analysis, which gives an intensity distribution 

of [43] 

  0 1 2 2 1 2 3 1 20

(1 cos( ))
( , , ) cos( ) sin( )sin( ) cos( )sin( ) .

2
hI n m h S S S S d


     


     (12) 

In Eq. 12, the Si (i = 0..3) are the Stokes parameters, which are implicitly dependent on  , n, and 

m. As a brief aside, if a measurement of S3 is not of interest, a partial polarimeter (resulting in 

spectral measurements of S0, S1, and S2) can alternatively be produced by replacing R1 with an 

achromatic quarter wave retarder [39].  
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Fig. 15. Schematic of birefringent imaging spectropolarimeter implementation for the IHIP. Two 
high order retarders, R1 and R2, are placed in series before the first polarizer (P1) of the 
interferometer. The retarders modulate the interferogram at each pixel with carrier frequencies 
containing the polarimetric information. 

The phase terms corresponding to the OPDs introduced by the channeled spectropolarimetry 

retarders and the interferometer are given by 

     1 12 ,B d           (13) 
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     2 22 , andB d           (14) 

  ( , ) 2 ( , ),h IHIPh OPD h                         (15) 

where d1 and d2  are the thicknesses of retarders R1 and R2, respectively. Expanding Eq. 12 yields 

seven frequency channels that contain the polarimetric information 
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Several of the channels present in Eq. 16 contain either duplicate or conjugate information. 

Consequently, only three distinct channels must be collected to simultaneously measure the 

complete Stokes vector. The three channels (C0-2) that will be collected for analysis with the IHIP 

are 

   0
0 cos ,

2 h

S
C d    (17) 

   1
1 2cos ,  and

4 h

S
C d     (18) 

     32
2 1 2 1 2cos sin .

8 8h h

SS
C d                 (19) 

Fig. 16 depicts the three channel divisions superimposed on a real interferogram collected with 

the IHIP (as a function of W2 displacement, h) at the on-axis pixel, where a 22.5o linear incident 

polarization state and a broadband, σ = 2000 – 6667 cm-1 (λ = 1.5 – 5 µm) source was used to 

produce the interferogram.  

Filtering channels C0, C1, and C2 at each pixel using Hamming windows 

  0( ) 0.54 0.46cosW h h h h    , where h0 is the center of the window and Δh is the 

window width, followed by a Fourier transformation, enables demodulation of the Stokes 

parameters:  
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In Eqs. 20-22, S1, S2, and S3 are modulated by carrier frequencies produced by the CSP retarders. 

Polarimetric calibration involves characterizing the phase factors φ1 and φ2, and this calibration 

process is detailed in Chapter 4.  
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Fig. 16. Interferogram for the on-axis pixel of the IHIP for a 22.5o linear incident polarization state 
with the polarimetric channels, C0-2, superimposed. Each channel is used to reconstruct one or two 
of the Stokes parameters.  

2.3 Optical Design 

Due to its availability in large sizes (125 mm boules or larger) and its high transmission in the 

SWIR and MWIR, an IHIP design utilizing uniaxial sapphire for the birefringent elements was 

created. A 3D Zemax schematic of the sapphire IHIP system is depicted in Fig. 17 (a), and a 2D 

layout is depicted in Fig. 17 (b). 
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Fig. 17. Layout of the sapphire based IHIP design in 3D (a) and 2D (b). Overall system length is 
approximately 150 mm without the imaging lens.  

All birefringent elements are sapphire and are anti-reflection (AR) coated for σ = 2000 – 

6667 cm-1. The dimensions of the Wollaston prisms are 44x44x11.75 mm for W1, and 

44x135x27.8 mm for W2. The apex angle of all four prism wedges is nominally 10 degrees. 

Retarders R1, R2, and R3 are cylindrical 50 mm diameter elements, with thicknesses of 30 mm, 10 

mm, and 10.5 mm, respectively. Holographic wire grid polarizers on calcium fluoride (CaF2) 

substrates are used for polarizers P1 and P2. The objective depicted in Fig. 17 consists of several 

thin lenses that approximate the performance of an f/2.5, 50 mm focal length commercial 

objective lens from Janos, which was camera objective interfaced with the IHIP. 

2.3.1 Fringe Visibility Calculation 

One important metric in characterizing interference performance is fringe visibility, which is 

defined as a contrast ratio relating the maximum and minimum intensities. The visibility for the 

fringes can be defined as 

  

max min

max min

,
I I

V
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(23) 

where V is the visibility (ranging from 0 to 1) and Imax, Imin are the maximum and minimum 

intensities in the local fringe field, respectively. Highly visible fringes yield the best possible 

signal-to-noise ratios (SNRs). In an interferometer such as the IHIP, fringe visibility will decrease 

when the rays are not properly localized at the detector plane; i.e. visibility can decrease if the 

two coherent point spread functions (PSFs) are only interfering on their peripheries, as opposed to 

being directly coincident with one another. 
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To address this effect, one of the primary considerations in the design of the IHIP was the 

apex angles of the Wollaston prisms. Because the birefringence of sapphire is relatively low (B ~ 

0.0078), large apex angles and thick prisms are necessary to obtain the desired spectral resolution 

while maintaining a compact system design. However, this can be problematic since large apex 

angles exaggerate the shearing between of the e and o rays within the uniaxial medium [44], 

resulting in a separation of the point spread functions (PSFs) that correspond to the two modes of 

propagation through the IHIP’s birefringent crystals (referred to herein as the eooe-ray, and the 

oeeo-ray).  Spot diagrams illustrating this separation for the chosen θ = 10o prism apex angles are 

provided in Fig. 18 (a). For comparison, the spot separations for a larger apex angle of θ = 17.4 o 

(used in an initial design which would have provided for a more compact system) are depicted in 

Fig. 18 (b).  

 

 

 
(a) 

 
(b) 

Fig. 18. Spot diagrams for the IHIP using Wollaston prisms with (a) 10 degree apex angles, and (b) 
17.4 degree apex angles. Three field angles, on-axis (center column) and full field (left and right 
columns), are displayed for each design. Spot separation is only dependent on θx.  

Each diagram in Fig. 18 provides three field angles for a (θx, θy) of (-5º, 0º), (5º, 0º) and (0º, 

0º), where θx and θy denote angles between the incident ray and the z axis in the xz and yz planes, 

respectively. These field positions were chosen because the system’s beam-split and beam-

deviation effects are symmetric along the y axis; hence separation of the spots is only dependent 



  45 

   

upon θx. Fig. 18 illustrates a spot separation of 1.2 μm at full field for the 10o apex angle prisms, 

and 3.6 μm for the 17.4o apex angles. Note that the size of the Airy disk across the passband of 

the IHIP ranges from 9.15 – 30 μm. 

To demonstrate the effect that beam-splitting (BS) and beam-deviation (BD) has on fringe 

visibility, the eooe (ray 1) and oeeo (ray 2) rays were traced in Zemax. This enables the 

calculation of each ray’s image plane location (centroids) as well as each configuration’s PSF, 

allowing each PSF to be displayed on the image plane shifted by some amount xm, ym, 

       , Re , Im ,
m mm m m PSF m m PSF m mPSF x x y y x x y y j x x y y         (24) 

where m is an integer denoting the ray configuration number (1 or 2) and ‘Re’ and ‘Im’ denote 

the real and imaginary parts of the PSF, respectively.  

In order to include interference effects for fringe visibility calculations, a Matlab program 

[45] was configured to take each of the two PSFs from Zemax and place them at the appropriate 

centroid locations (xm, ym) on the same image plane. Each PSF is given the phase associated with 

the optical path it experienced traveling through the interferometer, according to Zemax’s 

polarization ray tracing output, and their coherent addition performed. This makes the total image 

intensity  

        2

1 1 1 2 2 2

1
, , ,

4
,y yI x y E PSF x x y y E PSF x x y y       (25) 

where Ey, represents the polarization state on the image plane as calculated via the polarization 

raytrace. Fringe visibility is calculated by monitoring the level of interaction between each PSF 

by integrating the total power over x and y in the image plane for several displacement positions 

(h) of the second Wollaston prism (W2)  
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x y

I h I x y h dxdy
 

    (26) 

where h is the Wollaston displacement and x’, y’ are the spatial integration limits, and are 

typically on the order of the size of one pixel. This assumption means that this model is only valid 

for small aberrations, since larger aberrations spread the energy over a larger area on the detector 

array. However, this assumption is valid provided system tolerancing specifications (as described 

in section 2.3.2) are maintained and a well-corrected commercial objective (such as the Janos 

Nyctea) is used. 



  46 

   

Analysis of the visibility using Eqs. 26 and 23 yields the estimated fringe modulation versus 

prism W2 offset h. Performing the fringe visibility calculation using diffraction limited PSFs at 

the maximum operating wavenumber (σ = 6667 cm-1, or λ = 1.5 µm), yields the minimum PSF 

size across the passband, and therefore is the ‘worst case scenario’ for ideally manufactured 

prisms - smaller wavenumbers will result in larger Airy patterns, more PSF overlap, and 

ultimately higher visibility values. Fig. 18 illustrates that regardless of the apex angle of the 

prisms, the PSFs on-axis are nearly coincident, and thus the on-axis fringe visibility is near unity. 

However, the full field fringe visibility is greatly dependent on θ, with  V5º,0º = 0.868 for θ = 10o. 

Conversely, and V5º,0º = 0.164 if θ = 17.4o. For comparison, the estimated fringe modulations 

versus prism W2 offset h at (5º, 0º) for the 10o and 17.4o designs are displayed in Fig. 19, 

illustrating the significantly decreased fringe visibility experienced at full field for the 17.4o 

design. Additionally, a tolerancing analysis of the θ = 17.4o system indicates that a variation of 

the apex angles of the WPs by as little as +/-0.1o can result in a further decrease in the off axis 

visibility, to as low as V5º,0º = 0.097. 

In general, visibility values of V ≥ 0.2 are detectable [46], and thus the visibility values 

calculated for the 10o apex angle indicate highly visible fringes across the FOV. While increasing 

the apex angle of the prisms would provide a more compact system, this analysis indicates that 

the result is low full field visibility which will seriously impact the performance of the 

instrument. The smaller spot separation provided by the θ = 10o design provides for increased 

PSF overlap, and thus significantly higher full field fringe visibility. Thus while the 10 degree 

apex angle results in larger prisms, it is the preferred choice to ensure adequate fringe visibility. 
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Fig. 19. Fringe modulation calculation results at the extreme (5o,0o) field angle for the two 
Wollaston prism apex angles discussed. The 10o apex angle provides significantly increased fringe 
visibility across the FOV of the sensor. 
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2.3.2 Tolerancing Analysis 

A tolerancing analysis of the IHIP was performed in order to determine how small variations in 

prism apex angles, as well as fast axes orientations, affect the fringe visibility of the system. Fig. 

20 indicates the tolerance values used on a single prism for this analysis; the apex angle of each 

prism is allowed to vary by +/-0.1 o, and the fast axes orientation is allowed to vary by +/-0.5o.  
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Fig. 20. Tolerancing specifications used for a single sapphire wedge of a Wollaston prism. Lines c 
(red) and b (blue) indicate fast and slow axes, respectively. Diagrams are not to scale.  

Including the four prisms in this analysis provides for 38 = 6561 different variations of the 

design. A fringe visibility calculation was performed for each perturbation, both on-axis and at 

full θx field of 5o
, using Matlab and Zemax with the PSF method outlined in section 2.3.1. A 

histogram of the potential fringe visibilities calculated from this analysis is depicted in Fig. 21, 

both on-axis and at full field. Simulations indicate that on-axis visibility remains acceptably high 

with these tolerancing specifications, with 97.5% of the calculated configurations resulting in a 

o o0 ,0
V  ≥ 0.6 and the mean visibility over all on-axis configurations of o o0 ,0V = 0.889+/-0.131. As 

might be expected, the full field visibility has the potential to be lower in comparison to the on-

axis case. The average visibility over all calculated off axis configurations is found to be o o5 ,0V  = 

0.783 +/- 0.220. Furthermore, over 83% of all configurations resulted in a full field visibility 

o o5 ,0V  ≥ 0.5. While tighter tolerances will provide higher visibility results for these perturbations, 

the tolerances outlined in Fig. 21 correspond to the tightest tolerances that any manufacturer 

would accept. 
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Fig. 21. Histogram of potential fringe visibilities both on-axis and at full field for a WP apex angle 
tolerance of +/- 0.1o and a fast axis orientation tolerance of +/-0.5o. 

2.3.3 Interferogram Simulation 

For calculation of theoretical interferograms, spectra, and polarimetric reconstructions, Zemax 

polarization raytracing data are utilized to acquire the relative phase between Ex and Ey. After 

passing through the linear polarizer at 0º (along the y-axis), their coherent addition is performed 

in Matlab, where the interferogram takes the form, 

  

   
1

1

2000 cm 2

6667 cmi

p y iI h E







   (27) 

Note that Eq. 27 does not include fringe visibility effects that are analyzed in section 2.3.1.  

An important aspect when dealing with thick birefringent materials, such as those used in the 

IHIP, is how much the centerburst shifts as a function of field position. In the IHIP, if too much 

shift is experienced, the spectral resolution at large field angles could be detrimentally impacted. 

Using the system model, the zero-OPD position can be calculated by observation of the center-

burst location of the interferogram as a function of W2 displacement, h. For the sapphire-based 

design depicted in Fig. 17, on-axis and two off-axis interferograms are depicted in Fig. 22. 
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Fig. 22. On and off-axis interferograms for the sapphire IHIP as a function of prism displacement 
for W2. The zero OPD position is indicated by the maximum value of the interferogram (e.g. the 
center-burst).  

The zero-OPD position (centerburst) varies slightly over the field of view of the instrument. 

In this case, the on-axis centerburst (0º, 0º) is located at h = 1.0 mm and the centerburst for the 

two maximum off-axis fields, (-5º, 0º) and (5º, 0º), are located at h = -0.14 mm and h = 2.0 mm, 

respectively. Thus these simulations indicate that the variation of spectral resolution across the 

field of view due to field effects is expected to be tolerable.  

2.3.4 Design of Sapphire Retarders 

As provided by Eq. 11, to achieve the required spectral resolution of Δσ = 50 cm-1, the maximum 

OPD to be collected by the IHIP, OPDmax, must be  200 μm. For the sapphire design presented, 

the total OPD spans approximately +/- 137 μm if a symmetric interferogram is collected. 

However, as previously discussed, including retarder R3 as illustrated in Fig. 14 allows for a 

nearly single sided interferogram to be collected, enabling an increase in OPDmax without the 

need for larger elements. To preserve a small portion of the negative side of the interferogram for 

phase correction, the thickness of R3 is designed such that Bd3 ≈ 85 µm, ensuring that the OPDmax 

= 200 µm is easily obtained. Using B ≈ 0.008 for sapphire, d3 = 10.5 mm should produce an 

appropriate amount of interferogram offset. Using this retarder design with Eq. 9 indicates that 

OPDIHIP will range from approximately -55 µm to 220 µm, and the achievable spectral resolution 

for the imaging FTS is approximately 45 cm-1. 

Now the thickness of R1 and R2 must be designed such that the CSP channels fit within the 

OPD given by the inclusion of R3. If the channels are to be evenly spaced, then each must be 

separated by approximately 80 μm of OPD. This makes the R2 thickness d2 = (80 μm)/0.008 = 10 

mm, and thus the thickness of R1 is d1 = 3d2 = 30 mm for a 3:1 thickness ratio design, which has 
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been demonstrated to produce more reliable spectropolarimetric data products in the presence of 

dichroic crystal absorption [27]. Simulating a 22.5º linearly polarized input (such that S1 = S2) 

yields the output of Fig. 23. Illustrated are the three Stokes parameter channels collected by the 

instrument, labeled C0, C1, and C2, and with the corresponding terms from Eq. 20 - 22

superimposed.  
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Fig. 23. Interferograms using CSP retarders. On and off-axis interferograms for the IHIP as a 
function of prism displacement for W2 for a 22.5º linearly polarized input. Retarders R1 and R2 
have thicknesses of 30 mm and 10 mm, respectively. 

2.3.5 Interferogram Datacube Simulation 

To observe additional effects over the FOV of the sensor, Zemax was used via a Matlab interface 

to produce a three dimensional interferogram simulation. Eq. 27 was used to calculate the 

intensity modulations at each pixel across the FPA via polarization raytrace. Fig. 24 depicts the 

results of this simulation across the +/- 5o FOV. The FPA was modeled as an array of 320-by-256 

pixels. A small hyperbolic variation [47] in the location of the interferogram centerburst, as a 

function of WP2 displacement h (OPD) is observed, as displayed in Fig. 24 (a). Thus the 

irradiance captured on the FPA at any one h position will not be uniform, as simulated in Fig. 24 

(b), which was captured for h = -29.77 mm (corresponding to OPDIHIP ~ 0 for the center pixel).  
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Fig. 24. 2D interferogram simulation from Zemax. (a) The location of the center burst varies 
slightly across the FOV. (b) Simulated irradiance across the FPA for h = -29.77 mm, which 
corresponds to OPD = 0 for the on-axis pixel.  

This simulated 2D interferogram was also used to perform a simulated spectropolarimetric 

reconstruction, following the treatment discussed in detail in Chapter 4. Fig. 25 displays the 2D 

Stokes parameter information for S1 (left) and S2 (right) that was used to produce the 

interferogram (S3 = 0 was used). For simplicity, uniform spectral values for these Stokes 

parameters were used across the 2000 – 6667 cm-1 passband. The reconstructed values for the σ = 

4545 cm-1 (λ = 2.2 µm) spectral image from datacube are given as an example in Fig. 26, 

demonstrating a high degree of fidelity to the input.  
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Fig. 25. Normalized 2D inputs used for polarimetric reconstruction simulation. S1 (Left) and S2 
(Right) passed into the 2D system simulator from the object. Both parameters were allowed to be 
uniform across the spectral band.  
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Fig. 26. Reconstructed 2D Stokes parameters across the field of view. S1 (a) and S2 (a) at 4545 cm-1 
(2.2 µm). 

2.3.6 Interferogram Collection Strategy 

As discussed in section 2.3.4, the OPD introduced by the interferometer is varied by translating 

W2 relative to W1 a distance h, as in Eq. 9, and the spectral resolution (Δσ) of the IHIP is 

dependent on OPDmax, as provided by Eq. 11. Thus W2 will be translated approximately +/- 50 

mm total, where the offset provided by the inclusion of R3 will ensure that the majority of the data 

will correspond to the positive section of the interferogram and the spectral resolution specified is 

achieved.  

To reconstruct the entire spectral band without spectral aliasing, the interferogram must be 

sampled at a frequency fsamp equal to or greater than twice the Nyquist frequency (fny) for the 

entire spectral band collected [48] 

  max
min

2
2 2 ,samp nyf f 


    (28) 

where max  is the maximum wavenumber ( min is the minimum wavelength) to be sampled. Thus 

to sample the interferogram without aliasing, the changes of optical path difference (ΔOPD) must 

follow, 

  

1
2 tan( )

samp

OPD B h
f

    .  (29) 

Using B = 0.0078 for the birefringence of the crystal and θ = 10o for the apex angle of the WPs 

allows for determination of Δh, the change in displacement of the center of W2 relative to W1 

(accomplished via a translation stage) necessary to achieve this sampling rate. To sample the data 

without aliasing across σ = 2000 – 6667 cm-1, Eq. 29 stipulates that the interferogram must be 
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measured for every displacement of 273 μmh  ; for the data presented here, 200 μmh  was 

selected. 

A commercial translation stage (Physik Instrumente model 404PD) is used to translate W2 for 

the total h displacement of 100 mm. A rotary encoder, used in combination with a rack and pinion 

gear system, monitors the stage movement in 10 µm increments. The signal produced by the 

rotary encoder is electronically interfaced with a Technological Arts HSC12 microcontroller 

which triggers the camera to collect a frame of data for a stage displacement of Δh.  

For field portability, the IHIP is interfaced with a commercial FLIR SC6700 closed-cycle 

camera and objective lens system, optimized for the SWIR/MWIR passband of the IHIP (2000 – 

6667 cm-1, or 1.5 – 5 µm). Using a 50 mm objective lens, the camera operates over an 11ox8.8o 

field of view (FOV) and uses a 640x512 element indium antimonide (InSb) FPA with a 

maximum frame rate of 125 Hz. The normalized relative spectral response of the FPA was 

measured by the manufacturer during product testing and is depicted in Fig. 27. The frame rate of 

the camera limits the speed of data collection for the system, and a complete interferogram 

datacube can be acquired in 4 seconds. This relatively slow scanning time requires the acquisition 

of primarily static targets to avoid reconstruction errors produced by temporal variations of the 

scene.  
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Fig. 27. SC6700 SN#00004 FPA spectral response, as provided by the manufacturer. 

 
For some of the laboratory data presented in this dissertation, the IHIP was used with a 

320x256 element InSb MWIR Indigo Merlin laboratory camera that operates over σ = 2000 – 
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3333 cm-1 (λ = 3 – 5 µm). The Merlin camera was also used with a 50 mm objective and has a 

field of view (FOV) of approximately +/- 5o.  

2.3.7 Optomechanical Design 

A custom optomechanical design (OMD) was been developed in Autodesk Inventor CAD 

software for the IHIP system, as diagrammed in Fig. 28 (a). The layout encloses all of the optics 

for the system and mounts with the commercial camera and translation stage onto a tripod for 

field portability. Both the InSb Camera and the translation stage were modeled using the 

manufacturers’ provided drawings. Key features for the OMD include a relatively lightweight, 

rugged, and straightforward system with as little space between optical elements as possible (to 

avoid vignetting). A photograph of the assembled system, mounted to a tripod, is depicted in Fig. 

28 (b). 
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(a) (b) 

Fig. 28. Optomechanical design for the IHIP. (a) The custom mounts for the optical elements are 
labeled on the 3D CAD layout. The commercial InSb Camera and translation stage have been 
included in the model. (b) A photograph of the complete IHIP system in the lab, mounted to a 
tripod. 

Each optical component is mounted in an individual mount designed specifically for 

incorporation into the IHIP. Additionally, the analyzer mounts include the additional flexibility of 

allowing P1 and P2 to rotate, which is useful for dual scan measurements (detailed in Chapter 4). 

The various mounts have been removed in Fig. 29 to display the geometrical layout of the optics 

in front of the camera. For clarification, the sapphire optics (the retarders and WPs) have been 

artificially colored blue, while the polarizers have been colored yellow. The Wollaston prisms are 

held together by the mounting hardware exclusively, due to the lack UV-cured epoxies that are 

transmissive in the SWIR/MWIR.  
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Fig. 29. Optical layout in front of the commercial camera, with mounts removed, to illustrate the 
location of the various optical elements. The sapphire optics (the retarders and the WPs) are 
artificially colored blue, while the wire grid CaF2 polarizers are colored yellow. 

The OMD also includes the incorporation of a rotary encoder, rack, and pinion gear, which 

will are used to accurately measure the stage’s position for camera triggering. The integrated 

encoder design, illustrated in Fig. 30 (a), has been purchased commercially from Encoder 

Products Company. These parts will be contained in the WP2 enclosure, labeled in Fig. 28. The 

rotary encoder and pinion gear will be mounted to the translation stage, as outlined in Fig. 30 (b), 

and the rack will be mounted adjacent to the base of the translation stage. As the stage translates, 

the encoder will monitor the movement in 10 μm steps, and will send this signal to a 

microcontroller (purchased commercially from Technological Arts), which will trigger the 

camera to capture a frame of data for every 200 μm of translation, as discussed in the previous 

section. This will ensure that the interferogram is sampled sufficiently to reconstruct the entire 

spectral band for the instrument, 1.5 – 5.0 μm. 
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stage 

encoder 

 
(a) (b) 

Fig. 30. Rotary encoder for triggering. (a) Model TR2 integrated encoder, rack, and pinion gear. (b) 
Incorporation of the encoder assembly into the IHIP mounting. The encoder and pinion are 
mounted to the stage and will move with it. The rack is mounted next to the stage base.  

Ultimately, the IHIP is intended to be portable and field operational, and thus the OMD has 

incorporated features to allow for the system to be mounted with the commercial camera onto a 

tripod for field portability. In order to determine the optimum location for tripod and bench 

mounting accommodations, a weight and center of gravity analysis of the system was performed. 

The weight of the sensor was calculated in Autodesk Inventor, using the known mass of the 

commercial elements and the densities of the raw materials. All of the custom parts were 

fabricated out of Aluminum 6061, and the camera was modeled using the specifications of the 

FLIR SC 4000HS, which was the anticipated camera for the system. Although an alternative 

camera, the SC6700, was the camera that was eventually selected, it is similar in weight and form 

factor to the SC4000 and thus this analysis remained practical. Table 1 lists the weights and 

densities used to calculate the expected total system weight.  

 

Table 1. Weight and density of IHIP components and materials. 

Part Weight (kg) Weight (lbs) 
Density 
(g/cm^3) 

Camera 4.50 9.92 n/a 
Stage 2.10 4.63 n/a 

Encoder Assembly 0.14 .3125 n/a 
Optics 1.20 2.52 4.00 

Al 6061 Mounting 5.91 12.41 2.71 
Total 13.85 29.09  
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The majority of the system weight is divided between the camera and the Aluminum parts, 

which leads to a center of gravity that is located near the physical center of the system. Fig. 31 

displays the location of the center of gravity as a yellow sphere, as calculated using the material 

quantities of Table 1. The center of gravity is located near the objective lens, and is shifted 

slightly away from the system’s optic axis because the translation stage is offset from the 

centerline of the rest of the system. Based on this location for the center of gravity, a series of 

1/4-20 clearance and tapped holes are incorporated onto the base of the mounting assembly to 

allow for the system to be mounted on a tripod, as well as onto an optical bench.  

 

  

Fig. 31. Center of gravity analysis for the complete system. The yellow sphere is centered on the 
center of gravity. The slight transverse offset from the optical axis is attributed to the asymmetry in 
the placement of the translation stage.  
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CHAPTER 3: FALSE SIGNATURE ARTIFACT REDUCTION TECHNIQUE 

Traditionally, CSP reconstructions make use of a single scan measurement to reproduce the 

Stokes parameters. However, this is not always ideal since high-frequency spectral features cause 

interactions (crosstalk) between adjacent carrier frequency channels. A source of this crosstalk 

(also referred to herein as aliasing) is depicted in the Fourier domain per Fig. 32, where intensity 

is portrayed a function of optical path difference (OPD). The S0 component of the Stokes vector is 

preserved near the centerburst, or OPD = 0, as in Fig. 32 (a). The S1 Stokes parameter is 

modulated by carrier frequency φ2, producing CSP channels displaced from the centerburst, per 

Fig. 32 (b). The S2 and S3 Stokes parameters produce additional channels; however, these are 

neglected in Fig. 32 for clarity. The collected data is a summation of the data generated by each 

Stokes parameter, as in Fig. 32 (c), resulting in aliasing of S0 information into the region that will 

be Fourier filtered to extract S1. If this centerburst information is not removed, the S1 

reconstruction will be subject to crosstalk errors.    
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Fig. 32. Aliasing artifact origins. In the Fourier domain, CSP preserves the centerburst (a), and 
incorporates the other Stokes parameters into displaced channels (b). Because the collected data is a 
summation of each of these components (c), crosstalk occurs when centerburst modulations are 
present in the displaced channels.   

Crosstalk is a pertinent concern for the IHIP due to the presence of atmospheric and material 

absorption lines in the infrared. However, a reduction in crosstalk can be achieved if knowledge 

of the S0 component (the centerburst) can be obtained. Consequently, crosstalk between the 

adjacent carrier frequency channels and the centerburst can be eliminated by combining two CSP 

measurements to remove all carrier frequencies. Furthermore, because S0 can be isolated for all 

OPD values, a full resolution S0
 
reconstruction can be acquired. Although the portions of this 

technique used for increasing the S0
 
spectral resolution have been suggested previously [39], an 
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experimental demonstration of the approach has not been established. Furthermore, Fourier 

reconstruction techniques were not used, and thus the reduction of crosstalk artifacts was never 

addressed. If the trade offs of this approach, namely longer scan time and more susceptibility to 

temporal misregistration, are tolerable, this false signature artifact reduction technique (ART) can 

significantly decrease aliasing artifacts.  

This chapter presents preliminary research into the effectiveness of ART using a commercial 

FTS. Based on the results presented here, ART was implemented with the IHIP after the system 

was assembled; details for implementing the technique with the birefringent interferometer are 

provided in Chapter 4.  

This chapter begins by describing the theoretical system model behind implementing ART 

with an FTSP in section 3.1. In section 3.2, this model is extended to include the presence of 

dichroism in the crystal retarders. These analyses are followed by a description of the 

experimental setup in section 3.3. Laboratory results, obtained with a commercial FTS in the 

infrared used with pairs of YVO
4 

and Cadmium Sulfide (CdS) crystal retarders, are presented in 

sections 3.4 and 3.5, respectively. The reconstructions produced with ART are also compared 

with conventional, single-scan reconstructions from the same systems. 

3.1 Ideal System Model 

While ART can be implemented into a variety of CSP systems, this chapter will focus on its 

application in the infrared with a Michelson interferometer Fourier transform channeled 

spectropolarimeter (FTSP). The basic setup is shown in Fig. 33, and consists of two high-order 

retarders, R1 and R2, with thicknesses d1 and d2, respectively, followed by an analyzer, A. The 

orientations of the retarders’ fast axes, relative to the horizontal, are 0° and 45° for R1 and R2, 

respectively.  
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Fig. 33. Schematic of the FTSP system. Two high order retarders, R1 and R2, with fast axes as 
indicated, and an analyzer, A, are placed in series before the FTS (interferometer).   
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Assuming a horizontal analyzer, A(0o), as indicated in Fig. 33, and on-axis plane wave 

illumination, the form of the interferogram produced by the FTSP can be determined from a 

Mueller calculus analysis, yielding an intensity distribution of  
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   (30) 

where K0o is an amplitude coefficient introduced by the FTS, σ  is the wavenumber, defined as 

1 , and the Stokes parameters are implicitly dependent on wavenumber. As expected, Eq. 30 

follows the functional form of Eq.  12, which describes the channeled interferogram measured 

with IHIP. The phase terms 1  and 2  again correspond to the optical path differences introduced 

by the high-order retarders.  However now the phase produced by the interferometer is given by  

  ( ) 2 ,z z      (31) 

where Δz is the OPD from the interferometer 

Fig. 34 displays a real interferogram, with the channel divisions superimposed, collected with 

the MWIR FTSP instrument; here, Eq. 30 is integrated over σ from 2000 cm-1 to approximately 

4100 cm-1.   
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Fig. 34. The 7 channels in the interferogram are separated in OPD space by the phase retardances 
φ1 and φ2. Shown is a real channeled interferogram with the functional forms of each channel listed, 
along with the relative channel widths indicated by the dashed boxes. Spacing between each 
channel is for a 2:1 thickness ratio (d2:d1) using a MWIR setup. Adapted from ref. 27. 

 
Filtering the desired channels, followed by a Fourier transformation, allows for the isolation 

of the Stokes parameters. Using channels Cα, Cγ, and Cδ per Fig. 34 yields, 
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Although Cβ and Cδ contain the same polarimetric information, Cδ is often used to reconstruct S2 

and S3 because Cβ may contain artifacts due to dichroism and Fresnel reflections [27, 49].  

A calibration routine must be implemented in order to demodulate the phase factors, φ1 and 

φ2, enabling the reconstruction of the unknown Stokes parameters. This can be accomplished by 

measuring a set of known polarization states and is referred to as the ‘reference beam calibration 

technique’ [32]. Normalizing the sample data to the collected reference data removes the phase 

factors and thereby provides demodulation. If the retarders do not exhibit appreciable dichroism, 

then reference data at 22.5o (Ci,reference,22.5o, i=α,β,γ,δ) is sufficient for reconstructing the measured 

Stokes vector, such that 
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Otherwise, a more sophisticated reference beam calibration is necessary, as will be described in 

section 3.2. While the self-calibration technique is a more robust alternative to the reference beam 

calibration technique presented here, the retarders in the experimental setup are not compact or in 

contact. Therefore, it can not be assumed that both retarders experience identical environmental 

changes, an essential assumption for implementation of the self-calibration technique [32].  
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One source of reconstruction errors in the CSP technique occurs if there is close proximity 

between the neighboring channels. Eqns. 33, 34, and  35-39 assume that the Stokes parameters 

are band-limited. Consequently, it is presumed that the data present in the polarimetric channels is 

exclusively from the presence of S1, S2, or S3. However, high frequency spectral variations in S0 

extend the centerburst to higher values of OPD, creating a false appearance of real data in S1, S2, 

or S3.  This false polarimetric signal can be reduced if the centerburst, or S0 component, is 

removed before reconstruction, which cannot be accomplished with a single-scan measurement 

using current techniques. However, if a second measurement is made, now with the analyzer 

oriented vertically (90o), the interferogram produced by the system is 
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    (40)         

Eq. 40 displays an 180o carrier frequency phase shift relative to Eq. 30. This enables removal of 

S1, S2, and S3 when the two measurements are weighted and summed 
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The result is a high resolution interferogram, as would be collected without the retarders placed in 

the system. Fig. 35 displays an example of a single-scan interferogram collected with the FTS 

instrument with a full resolution (or dual-scan) interferogram superimposed, as obtained by use of 

Eq. 41.  

Acquisition of a dual-scan interferogram is all that is needed to implement ART. Subtracting 

the full resolution interferogram from a single-scan measurement, obtained at an analyzer 

orientation of 0o, removes the crosstalk artifacts produced by the presence of S0. The various 

channels can then be isolated and reconstructed using the established techniques. Additionally, 

the dual-scan interferogram can be used to reconstruct a high resolution S0 spectrum, not 

obtainable with the original single-scan technique.  

 



  63 

   

-1.5 -1 -0.5 0 0.5 1 1.5
-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

OPD (mm)

In
te

ns
ity

 (
A

rb
. 

U
ni

ts
)

 

Collected Interferogram

Full Resolution Interferogram

 

Fig. 35. Single- and dual-scan interferograms. A single-scan interferogram collected with the 
instrument displays the CSP channels used for spectropolarimetric reconstruction. Combining two 
of these interferograms with a 180o relative phase delay produces a full resolution interferogram, 
containing the S0 information that was previously hidden inside the channel. 

3.2 Dichroic System Model 

In the infrared, many crystal materials are subject to dichroism, or a difference in transmission 

attenuation coefficients along the fast and slow axes. While it is not anticipated that the sapphire 

elements used in the IHIP will demonstrate appreciable dichroism, the presence of dichroism in 

the YVO4 retarders used for R1 and R2 in this preliminary study complicates both the calibration 

and implementation of ART for experimental verification. To represent the presence of 

dichroism, a system model that incorporates theoretical diattenuators behind both retarders is 

used, per Fig. 36.  

 

 

Fig. 36. Dichroic system model. Diattenuators P1 and P2 are used to model the dichroism [27]. 

Using Mueller calculus to calculate the functional form of the interferogram using this 

adjusted system and a horizontal analyzer yields [43]  
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Eq. 42 demonstrates that dichroism produces crosstalk between the CSP channels. Consequently, 

a different calibration procedure is necessary to produce accurate reconstructions in the presence 

of dichroism. For a 2:1 retarder thickness ratio (d2:d1), as is used in this system, the improved 

procedure requires reference data using both 0o and 45o linear polarization states [27].  

To briefly overview the procedure outlined in [27], the 0o reference data is used to reconstruct 

S0 and S1. Using 1 1x yT T   and 1 1x yT T   yields 
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where S1,sample is found from reconstructing channel Cγ directly. Therefore it contains information 

from both S0 and S1, 
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Reference data taken at 45o removes any S1 crosstalk in the C0 reference channel and is used to 

reconstruct S2 and S3 using  
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Using Eqns. 43–47, the errors in the Stokes parameters caused by the presence of dichroism can 

be corrected. Additionally, it is interesting to note that Eqns. 43–47 can be considered an 

adaptation of the data reduction matrix technique [7].  

Dichroism produces additional complications when a dual-scan interferogram is calculated 

for use with ART. Using Mueller calculus to calculate the intensity of the interferogram for each 

analyzer configuration, then weighting and summing the results, yields 
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Eq. 48 indicates that the presence of dichroism in the dual-scan interferogram produces crosstalk 

between the S0 and S1 components. Furthermore, an additional modulation of S2 and S3 by φ1 

creates a residual signature in the dual-scan interferogram. While both the crosstalk and the 

residual signature will affect the quality of the high resolution S0 reconstruction, the modulation 

produced by the residual carrier frequency φ1 decreases the ability to discern high spectral 

frequency absorption features. The focus will therefore be on removing these modulations with 

filtering algorithms.   

3.3 Experimental Setup 

ART was implemented in the MWIR using a commercial Oriel MIR8000 Michelson 

interferometer infrared Fourier transform spectrometer (FTS) with an 80026 MCT detector and an 

80007 Silicon Carbide source. A 2:1 afocal beam reducer was used to improve system throughput 

for, while simultaneously limiting operation to, the 3 – 5 μm spectral region. The crystal retarders 

are made from Yttrium Vanadate (YVO4), which exhibits appreciable dichroism between 

approximately 3.5 – 5 μm. The retarders are AR coated for 4 μm and the thickness ratio used was 
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2:1 for d2:d1, where d2 = 4 mm and d1 = 2 mm. The experimental setup is depicted in Fig. 37. It 

consists of a wire-grid generating polarizer (G) followed by the two retarders (R1 and R2), a wire-

grid analyzer (A), and the FTS. The use of the linear polarizer as a target facilitates the collection 

of well-known and stable reference data and input states. The disadvantage of using a linear 

polarizer as the generator is that it does not allow for the collection of nonzero S3 data; however, 

the ability of the CSP technique to recover this Stokes parameter has been established previously 

in the literature [25].  
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Fig. 37. Experimental setup for ART. To improve throughput through the relatively small clear 
aperture of the YVO4 retarders (~ 12 mm), the IR source is passed through a 2:1 beam reducer prior 
to being incident on the generating polarizer G. The beam reducer is removed for the CdS setup. 

Additional results demonstrating ART across the infrared were produced by removing the 2:1 

beam reducer and replacing the MWIR retarders and polarizers in Fig. 37 with Cadmium Sulfide 

(CdS) retarders and long wavelength infrared (LWIR) wire-grid polarizers. The thickness ratio 

for these retarders was also 2:1 for d2:d1 where d2 = 10 mm and d1 = 5 mm. While the CdS 

retarders were optimized for the LWIR, they operate over approximately 2 – 15 μm, and do not 

demonstrate appreciable dichroism over this band [50]. For all of the experiments, data were 

averaged over 16 consecutive interferograms. For each orientation of the generating polarizer, 

data were collected for analyzer orientations of 0o (horizontal) and 90o (vertical). Each 

interferogram was phase corrected using the Connes method [51] before the averaging was 

performed. 

The FTS used for the experiments is preferential to horizontal input (K0o > K90o). Thus the 

equivalent spectral responsivity for each analyzer orientation (i.e. polarization state) must be 

measured. The ratio of the two responses is then calculated in order to weight the measured 

sample data such that both of the interferograms required for ART experience identical system 

responsivities. Removing the generating polarizer and the two crystal retarders from the setup 
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enables an interferogram to be collected at both analyzer orientations of 0o and 90o. The 

responsivity ratio between both polarizations, Г(Δz), was acquired by dividing these two 

interferograms. Assuming an unpolarized input before the analyzer yields, 
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Interferograms collected with the analyzer at 90o (I90o) are weighted by Г before being added to 

an interferogram collected with the analyzer at 0o (I0o) to generate a high resolution interferogram.  

3.4 Yttrium Vanadate Results 

As discussed previously, YVO4 exhibits dichroism over the MWIR. Consequently, crosstalk 

between S0 and S1 is evident. Additionally, S2 and S3 are modulated by φ1. Fig. 38 depicts two 

superimposed dual-scan ART interferograms, measured for linear inputs of 45o [S0 =1 S1 = 0, S2 = 

1, S3 = 0] and 90o [S0 =1 S1 = -1, S2 = 0, S3 = 0]. The residual S2 and S3 modulations are notable as 

the most significant discrepancy between the two plots. Removal of these features requires further 

post-processing (via filtering) to increase the accuracy of the S0 reconstruction. 
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Fig. 38. Reconstructed dual-scan interferograms from both 45o and 90o linearly polarized input. The 
presence of one of the two remaining channels is indicated. These modulations only occur when S2 
≠ 0 and/or S3 ≠ 0, given dichroic retarders.  

The full (4 cm-1) resolution S0 reconstructions of the two interferograms in Fig. 38 are 

presented in Fig. 39 (a). Notable are the low frequency modulations present when the input 

contains a non-zero S2 component (here, 45o linearly polarized light). These modulations indicate 

that the residual S2 and S3 channels are affecting the quality of the results. To verify this, Fig. 39 

(b) is a plot of the diattenuation, 2 2 2 2| | ( )x y x yD T T T T   , between the fast and slow axes of the 

4 mm thick YVO4 retarder. Also plotted in the same figure is the amplitude of the residual 
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signature present in the 45o dual scan interferogram in Fig. 38. Both quantities are plotted across 

the MWIR on two separate axes, scaled to illustrate how the residual modulations correspond to 

the dichroism. Decrease in correspondence of the two plots for wavelengths beyond λ = 5 µm is 

attributed to a loss of data quality for the reconstruction of the residual signature beyond the 

bandpass of the beam reducer optics, approximately λ = 3 - 5 µm. 
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Fig. 39. S0 YVO4 reconstructions. (Left) Full resolution (4cm-1) spectra obtained with a 45o linear 
input and a 90o linear input. The 45o spectrum displays a low frequency modulation, indicative of 
the channels remaining in the interferogram after summation. (Right) Diattenuation of the 4 mm 
YVO4 retarder is plotted with the amplitude of the reconstructed residual signature superimposed. 
The plots are scaled to illustrate the correspondence of the modulations to dichroism.   

In order to improve the full resolution S0 reconstructions for interferograms where S2 ≠ 0, a 

modified Hamming window,   ( ) 1 0.85cos 0.435 0.732H z z mm mm     , was applied in 

the Fourier domain to dampen the residual channel in the interferogram. Applying the filter 

produces a full resolution spectrum that has nearly all of the low frequency modulation removed 

and resembles the spectrum when S2 = 0, as in Fig. 40 (a). An RMS error calculation between the 

two spectra yields an error of 2.06% from 3 – 5 μm, where residual error can be attributed to the 

neglected S1 crosstalk.  

However, this ~2% error comes with the benefit of greater spectral resolution. For 

comparison, the conventional S0 reconstruction, produced from filtering the Cα channel of a 

single-scan interferogram, is depicted in Fig. 40 (b). Because this reconstruction is restricted to 

the area close to the centerburst, the resolution is limited to approximately 47 cm-1. Note that the 

dual-scan reconstructions of Fig. 40 (a) display high spectral frequency details that the single-

scan reconstruction is unable to resolve. Consequently, previously unresolvable spectral features 

are now resolvable via the dual-scan technique. 
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Fig. 40. Filtering out dichroism effects. (Left) After applying a Hamming window to the 45o dual-
scan interferogram, the spectrum well-resembles the 90o spectrum. (Right) Reconstructed spectrum 
from the C0 channel (47 cm-1) demonstrates the increase in spectral resolution that the dual-scan 
technique provides.  

An alternative to the Hamming window approach for removing the residual modulations is 

available if a retarder thickness ratio of 1:3 (d2:d1) is used. The 1:3 configuration displaces the 

residual artifacts into an empty channel, considerably further away from the center burst [27]. The 

dual-scan interferogram could then be Fourier filtered to exclude OPDs influenced by the residual 

signatures. However, this approach would limit the achievable spectral resolution of ART to less 

than the maximum resolution of the spectrometer.   

Once the filtering process was completed, ART was implemented by removing the full 

resolution S0 interferogram from the channels before the polarimetric reconstruction was 

calculated. To provide comparison, reconstructions using the established single-scan technique, 

where the channels in the collected interferogram are filtered and reconstructed without any 

crosstalk correction, were also performed. All YVO4 reconstructions were calculated using the 

reference beam calibration technique outlined in Eqns. 43–47, which corrects for dichroism 

effects. Since the only appreciable absorption feature over the 3 – 5 μm passband of the 2:1 beam 

reducer optics in Fig. 37 is the CO2 line at 4.28 μm, the beam reducer optics are removed from 

the experimental setup prior to additional data being collected. This allowed for observation of a 

broader range of absorption features, but at the cost of a lower overall signal being passed 

through the system.  

Two sets of data collected over this larger passband are given in Fig. 41. The top row was 

produced using a linear input polarization state oriented at 157.5o [S1/ S0 = 0.707, S2/ S0 = -0.707, 
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S3 = 0], while the bottom row corresponds to a 135o linearly polarized input [S1/ S0 = 0, S2/ S0 = -

1, S3 = 0]. The figures on the left were produced by performing a traditional single-scan FTSP 

reconstruction, while the figures on the right utilize ART. 
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Fig. 41. Reduced artifacts in S1, S2, and S3 reconstructions. (Left column) Example polarization 
reconstructions produced by windowing the various channels in the interferogram. (Right column) 
Example reconstructions produced by removing S0 crosstalk artifacts from the channels prior to 
reconstruction.  

Including these lower wavelength absorption features illustrates the benefits of ART; 

subtracting the S0 interferogram before reconstructing the remaining Stokes parameters produces 

reconstructions of greater correspondence to the input polarization state. The most significant 

artifact reductions occur between 2.5 – 3 μm, a region of high atmospheric absorption due to 

water and CO2. A reduction of artifacts is also observed near the CO2 absorption line at 4.28 μm. 

RMS error calculations were performed on both sets of reconstructions relative to the known 
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input state; Table 2 displays the results over the 2.5 – 5 μm spectral band. Thus, ART reduces the 

RMS error by nearly a factor of 3 - 6 for the individual Stokes parameters.  

 
Table 2. RMS error across 2.5 – 5 μm with YVO4 retarders. 

157.7 Degree Input S1rms S2rms S3rms 
Uncorrected Data 4.67% 12.09% 8.89% 
Corrected Data 1.59% 4.38% 3.26% 

Difference 3.08% 7.71% 5.63% 
    

135 Degree Input S1rms S2rms S3rms 
Uncorrected Data 3.25% 12.44% 11.12% 
Corrected Data 1.14% 1.89% 1.75% 

Difference 2.11% 10.55% 9.37% 
 

3.4 Cadmium Sulfide Results 

The OPDs introduced by the CdS retarders are significantly smaller than those produced by the 

YVO4 retarders. As depicted in Fig. 42, this produces CSP channels with decreased separations, 

yielding more susceptibility to crosstalk artifacts caused by the close proximity of the channels to 

the centerburst. Although the CdS retarders are optimized for the LWIR regime (8 – 12 μm), 

operation through most of the infrared (2.5 – 14 μm) is achievable.  
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Fig. 42. Interferogram collected with the FTSP using CdS retarders. Note that the separation 
between the various channels has decreased, resulting in a higher proximity of the channels to the 
centerburst. This proximity is significantly higher than in the previous YVO4 setup (as in Fig. 34).  

S0 reconstructions from this configuration are displayed in Fig. 43, with the dual-scan high 

resolution spectrum portrayed in Fig. 43 (a). For comparison, the single-scan (Cα) reconstruction 

is provided in Fig. 43 (b). Both spectra were collected using a 112.5o linearly polarized input, 

though all linear input polarizations produce equivalent spectral results due to the absence 
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dichroism in the retarders. Again, the dual-scan reconstruction can take advantage of the full 

spectral resolution offered by the FTS (4 cm-1). Conversely, the low channel separation provided 

by the CdS retarders limits the spectral resolution of single-scan S0 reconstructions to ~130 cm-1. 

Consequently, the high frequency details of the atmospheric absorption features (5 – 8 μm), are 

clearly visible in the dual-scan spectrum, and nearly absent in the channeled reconstruction. 
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Fig. 43. CdS S0 results. (a) The dual-scan S0 reconstruction from the CdS setup displays significant 
detail, absent in with the single-scan reconstruction (b).  

Using ART to improve polarimetric reconstructions shows promising results with the CdS 

setup.  All CdS polarimetric reconstructions were calculated using the reference beam calibration 

technique outlined in Eqns. 35 - 39. Implementing ART on the measured 112.5o input 

polarization [S1/ S0 = -0.707, S2/ S0 = -0.707, S3 = 0] produces the reconstructions provided in Fig. 

44 (a). Performing an RMS error calculation on the FSR data spanning 2.5 – 14 μm band, we find 

S1rms = 1.44%, S2rms = 2.16%, and S3rms = 2.50%. Conversely, the single-scan reconstructions, 

displayed in Fig. 44 (b), demonstrate little similarity to the input polarization state and are subject 

significant error across the same band, with S1rms = 8.26%, S2rms = 19.78%, and S3rms = 22.08%. 

Table 3 summarizes these values. These results further demonstrate the utility of ART, with 

errors reduced by factors of 6 – 9 for the individual Stokes parameters.  
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Fig. 44. Example spectropolarimetric reconstructions from a 112.5o linearly polarized input. (Left) 
By subtracting the S0 interferogram from the sample interferogram prior to reconstructing, the data 
are well-correlated to the input state. (Right) Without using ART, the same reconstruction is subject 
to significant crosstalk errors, making identification of the input polarization state difficult. 

 
Table 3. RMS error across 2.5 – 14 μm with CdS retarders. 

  <S1rms> <S2rms> <S3rms> 
Uncorrected 

Data 8.26% 19.78% 22.08% 
Corrected Data 1.44% 2.16% 2.50% 

Difference 6.82% 17.62% 19.58% 
 
 

In summary, these results indicate that the false signature artifact reduction technique (ART) 

is capable of diminishing the error in channeled spectropolarimetry reconstructions caused by S0 

artifacts. Additionally, ART yields a spectrum (S0) at the maximum spectral resolution of the 

interferometer, a task not possible with the conventional single-scan technique. While interactions 

between the remaining channels will continue to produce some errors, implementation of ART in 

the IHIP will allow the sensor to take advantage of the increased spectral resolution and 

decreased crosstalk artifacts the technique provides. 
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CHAPTER 4: CALIBRATION AND ART IMPLEMENTATION 

With system assembly complete, the next task in instrument development is calibration. 

Calibrating an imaging spectropolarimeter requires the implementation of several independent 

calibration processes, namely radiometric, spectral, and polarimetric calibration. The methods 

used to perform these calibrations are presented in this chapter. Additionally, the technique for 

implementing the artifact reduction technique (ART), described in detail in Chapter 3, with the 

IHIP is described. 

4.1 Instrument Calibration 

Complete calibration of the IHIP involves three distinct calibration routines. Radiometric 

calibration compensates for nonuniformity effects across the focal plane array and provides a 

mapping from digital number to photon flux. In contrast, spectral calibration accounts for the 

dispersion in the birefringent crystal used in the FTS. Finally, polarimetric calibration quantifies 

the phase factors produced by the CSP retarders to provide for demodulation of the Stokes 

parameters measured in a channeled interferogram. In this section, each of these calibration 

processes is detailed. 

4.1.1 Radiometric Calibration 

In order to reconstruct the complete Stokes vector from the scene without including background 

effects, detector offsets and emission from the optics must be accounted for via a radiometric 

calibration of the sensor. For the (n, m) pixel on the detector array, assuming a linear response for 

each pixel, the output P can be modeled using 

  , ,( , , ) ,n m n mP n m R O     (50) 

where R is the pixel responsivity, Φ is the photon flux, and O is the pixel offset. To 

radiometrically calibrate the sensor, R and O must be determined for each pixel [52]. 

Measurement of R and O provides for a uniform output across the FPA for a uniform input 

radiance. Furthermore, because the IHIP makes use of a large portion of the dynamic range of the 

detector, knowledge of the offset ensures that the intensity fluctuations produced by an 

interferogram are reliably collected.  

Radiometric calibration of the IHIP was performed using a uniform temperature, 160x160 

mm square blackbody, placed sufficiently close to the system such as to fill the entrance pupil. 
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The temperature of the blackbody, TBB, was set to five known values (between 56o C and 90o C, 

with an accuracy of approximately +/- 0.1o C for each measurement) and the digital number (DN) 

count for each pixel across the FPA was collected for each TBB and averaged at each pixel over 20 

sequential measurements. The TBB values were used to calculate the incident radiance (L) on the 

FPA using Planck’s law, integrated for the spectral passband. Fig. 45 depicts the data for the on-

axis (center) SC6700 FPA pixel plotted as a function of the calculated radiance values (L). Error 

bars at each data point indicate the standard deviation in each measured DN value.  

Also included are two linear fits, produced using either two or all five data points. The slope 

of each fit provides an estimation of R, and the extrapolation of the fit to an input radiance of L = 

0 W/(m2sr) provides O. While the two linear fits produce slightly different values for R and O, 

comparing the extrapolated values for the 2 point fit versus the 5 point fits across the FPA 

produces a variation of < 0.35% rms for R, and < 0.10% rms for O, indicating that a 2 point fit 

provides an acceptably accurate radiometric calibration. Data similar to Fig. 45, demonstrating 

correspondence of a 2 point linear fit to the raw data, were consistent for the other pixels on the 

FPA. While detector nonlinearity neglected in Eq. 50 will result in errors in the reconstructed 

radiance values, a quadratic least squares fit indicates that the nonlinear component of the 

detector is very small, with 99.75% of pixels having a 2 -coefficient of magnitude <=1.25% of 

the magnitude of R. 
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Fig. 45. Radiometric calibration of the on-axis pixel. The temperature of the blackbody was varied 
from 56o C to 90o C.  
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4.1.2 Spectral Calibration 

Spectral calibration of the birefringent interferometer involves compensating for the dispersion of 

the birefringent sapphire material, used for the Wollaston prisms and retarders, over the discretely 

sampled spectral band measured by the IHIP,  max max max max, ,..., ,           
, 

where max  is the maximum spectral frequency that is reconstructed. As evident from Eq. 9, the 

OPD will vary as a function of wavenumber if the birefringent material exhibits dispersion. This 

results in a spectrally varying Nyquist frequency, nyf , where 

       
1 1

.
2 ( ) 4 tan

f
ny OPD B h


  

 
 

 (51) 

In Eq. 51, OPD is the change in OPD between frames of data, corresponding to a translation 

stage displacement of h . The Nyquist frequency determines the maximum frequency that is 

sampled without aliasing, or maxnyf  . Thus the result of Eq. 51 is that the sampling of   is 

spectrally dependent. A reference wavenumber, ref , can be used to produce an uncompensated 

discrete linear spectral axis for the IHIP reconstructions, UC , by calculating  ny reff  ; 

however, without compensation for the dispersion effect, the spectral reconstructions recovered 

using this uncompensated axis will not be representative of the actual spectra measured.  

Dispersion compensation can be performed using the Sellmeier equation with the appropriate 

coefficients for both the extraordinary (ne) and the ordinary (no) indices of sapphire [53], enabling 

the birefringence to be modeled as a function of wavenumber (cm-1). Once a model for the 

dispersion of the birefringence is acquired, a relative birefringence,  , is calculated by 

normalizing the birefringence to the value at the reference wavenumber: 

  
 
 

.UC

ref

B

B










 (52) 

For spectral calibration of the IHIP, 16667 cmref   is arbitrarily selected. Once   has been 

calculated, UC  is weighted by   to correct for the dispersion errors 

  ' ,UC      (53) 
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where '  is the dispersion compensated, resampled nonlinear spectral axis and ‘ ’ denotes 

element-by-element multiplication. Finally, the reconstructed spectral data for each Stokes 

parameter is interpolated to the corrected spectral axis.  

Spectral calibration can be performed using this technique at every pixel across the FPA. 

However, an additional consideration during spectral calibration is the spatial variation of the 

centerburst’s OPD offset as a function of field angle. Fig. 46 illustrates this effect by depicting a 

frame of data collected with the IHIP when imaging a uniform temperature hot plate with the 

Indigo Merlin Camera. Here, the centerburst is captured for the center pixel ((x, y)=(160,128) in 

Fig. 46), but a hyperbolic fringe pattern [47] is collected across the image (confirmed via 

simulation in Chapter 2), indicating that the location of the centerburst spans a range of W2 

positions (h values) across the field of view. This deviation in the centerburst position results in a 

variation in the spectral resolution of the IHIP across the field of view, as the spectral resolution 

is inversely proportional to the maximum OPD. While the change in spectral resolution is small 

(Δσ ≈ 44.5 – 46.3 cm-1), the effect produces a different spectral axis at each (n, m) pixel. 

Consequently, each pixel is assigned a unique dispersion-compensated spectral axis, ,'n m , after 

spectral calibration. The spectral axes are then resampled in Matlab (using interporation) to 

provide an equivalent axis for the entire FOV. 

 
Frame collected when OPD=0 for on-axis pixel
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Fig. 46. A frame of data captured with the IHIP. The centerburst is captured in the image for the 
on-axis pixel, but a fringe field is present across the FPA.  
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4.1.3 Polarimetric Calibration 

In order to characterize the carrier frequencies’ phase factors, φ1 and φ2, and demodulate the 

unknown Stokes parameters, a calibration routine must be implemented. Multiple techniques 

exist for performing this polarimetric calibration. For instance, reference beam calibration 

techniques involve measuring a known reference polarization state to correct for the modulating 

phase factors [32]. Other calibration methods use self-calibration and do not require the collection 

of reference data. These are particularly useful for improving the calibration accuracy in the 

presence of thermal fluctuations [32]. However, self-calibration has an underlying assumption 

that both retarders are in thermal equilibrium, which leads to uncertainty in the calibration. Thus, 

for the IHIP, the reference beam calibration technique was implemented.  

While crystal dichroism features present in CSP retarders can produce spectropolarimetric 

reconstruction errors if not accounted for, the 3:1 CSP retarder thickness ratio (d1:d2) used in the 

IHIP ensures that any dichroism artifacts will be produced in channels not collected or used for 

spectropolarimetric reconstructions [27, 54]. A reference measurement from a single state of 

polarization can therefore be used to reconstruct the complete measured Stokes vector. While the 

polarimetric calibration technique outlined in this section is nearly identical to that described in 

section 3.2, the specific technique used for the IHIP will be described here for clarity. 

Polarimetric calibration using the reference beam calibration technique can be performed 

with a broadband (2000 – 6667 cm-1) source uniformly linearly polarized at 22.5o relative to the 

horizontal (y-axis). It is important to note that while any known polarization state that provides 

1 0S   and 2 0S   or 3 0S   can be used as a reference calibration state, 22.5o linear is an ideal 

choice because it provides large amplitude modulations in both the C1 and C2 channels. Unless 

otherwise noted, the reference interferogram data used in this work was acquired while the IHIP 

was imaging the reflected and emitted radiance from a uniform ceramic tile panel illuminated by 

a tungsten halogen lamp. To provide the uniform reference polarization across the FOV, a wire 

grid polarizer (of same specifications as the polarizers used for P1 and P2) was placed directly in 

front of R1 (the first IHIP element, as labeled in Fig. 15), with its transmission-axis oriented at 

22.5o. 

The above-described reference state is measured with the IHIP, producing a channeled 

interferogram with corresponding CSP channels Ci,reference, i=0,1,2, such as depicted in Fig. 16 for 

a single pixel. This reference measurement can be used with Eqs. 20-22 to recover the Stokes 

parameters for a measurement spectrum of an unknown object, ( )sampleS 


, given by 
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where 

  0, 0,( ) | ( ) |reference referenceS C    , and (57) 

  0, 0,( ) | ( ) |sample sampleS C    . (58) 

The polarimetric calibration is performed independently at each pixel on the FPA using Eqs. 54 - 

58 to recover the complete spectropolarimetric datacube for the image.  

4.2 Artifact Reduction Implementation 

The layout of the IHIP also makes the instrument ideal for implementation of the ‘artifact 

reduction technique’ (ART) detailed in Chapter 3. ART reduces crosstalk artifacts in CSP 

reconstructions produced by the presence of S0 information at OPD values beyond the centerburst 

(C0) channel. The technique is particularly useful when high-frequency spectral variations of S0 

are present in the measured data, such as absorption features produced by atomic absorption lines. 

ART can be implemented with the IHIP by collecting two interferogram measurements. The 

first measurement uses the optical layout depicted in Fig. 15, and the interferogram collected at a 

single pixel takes the form of Eq. 12. Conversely, the second measurement is taken after both 

polarizers (P1 and P2) are rotated by 90 degrees. The functional form for the second measurement, 

on a single pixel, can be expressed as [43] 

  0 1 2 2 1 2 3 1 20

(1 cos( ))
( , , ) cos( ) sin( )sin( ) cos( )sin( ) .

2
hI n m h S S S S d


     


     (59) 

Eq. 59 demonstrates an 180o phase change in the carrier frequencies modulating S1, S2, and S3 in 

the collected interferogram, relative to Eq. 12. Thus, by appropriately weighting and summing the 

two interferograms, a dual-scan interferogram containing only the S0 Stokes parameter can be 

extracted, as was done with the Michelson-based FTSP in Chapter 3. This full resolution S0 data 
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can be subtracted from a single-scan measurement (obtained at an orientation of 0o for P1 and P2) 

thereby removing crosstalk artifacts produced by the presence of S0 from the C1 and C2 channels 

prior to reconstructing S1, S2, and S3. Isolation of the S0 data from the channeled spectra also 

enables the spectral resolution of the S0 Stokes parameter to be increased. For the IHIP, ART 

affords the recovery of S0 at a resolution of 145 cm   . Without ART, the spectral resolution 

of S0 data is limited to a value of 1121cm   . Thus ART provides an increase in S0 resolution 

by a factor of 2.7. 

Of course, an additional consideration when implementing ART is the added time required to 

collect a second interferogram data set. Requiring a second measurement doubles data collection 

time, providing increased susceptibility to temporal misregistration errors for moving targets. 

Furthermore, the need for additional measurements somewhat negates the utility of a channeled 

spectropolarimeter over a more traditional polarimeter instrument by removing the advantage of a 

complete polarization state measurement being available through a single spectrometer 

measurement. However, the implementation of ART is always optional - a single channeled 

interferogram measurement can still be used, and the total number of measurements is still 

reduced if ART is applied for the isolation of S0 exclusively (as presented here). In addition, it 

may be possible to remove the requirement of a second data set by modifying the IHIP instrument 

using polarization beam splitters and two imaging systems, though for the IHIP, this design 

solution is prohibitively expensive. Other alternative designs that would remove the additional 

time sequential measurement are possible and could be explored in future implementations of the 

IHIP. For example, the stationary analyzer (P2) could be replaced with a rotating element, 

allowing for the simultaneous collection of the dual scan interferograms (using band limited 

assumptions for the measured spectropolarimetric data). Ultimately, since the 4 second scan time 

for a single measurement already limits data collection to primarily static targets, and based on 

the advantages that ART offers, dual scan reference and sample spectropolarimetric data was 

acquired with the IHIP using the technique outlined in this section. 
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CHAPTER 5: PERFORMANCE AND RESULTS 

This chapter fuses the technologies and techniques outlined in Chapters 2-4 to provide a 

demonstration of the capabilities of the complete, calibrated IHIP sensor. First, the performance 

of the sensor is quantified using signal-to-noise ratio. Next, the dominant sources of systematic 

error are analyzed. This is followed by results and discussion for a variety of experiments 

performed with the IHIP, both indoors and outdoors. The last section of this chapter provides 

additional system analyses which briefly study several different aspects of IHIP calibration and 

reconstruction. 

5.1 Signal to Noise Ratio  

The performance of the IHIP system was evaluated through measurement of the spectral signal-

to-noise ratio (SNR) in the laboratory. For this calculation, interferogram data was acquired while 

the IHIP was imaging the reflected and emitted radiance from a uniform ceramic tile panel 

illuminated by a tungsten halogen lamp with the SWIR/MWIR SC6700 camera. 20 interferogram 

data sets were acquired in series and each was phase corrected using the Mertz phase correction 

technique.   

 Following the treatment in Ref. 11, the spectral noise ( )N   can be computed using  

  
,

0
,

0

( )
( ) 1

( )

a K

b K

S
N
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  , (60) 

where ,
0 ( )a KS  and ,

0 ( )b KS  are two Mertz phase corrected spectra of the target, each the result of 

averaging K interferograms after phase correction. The rms value of the spectral noise Nrms can 

then be calculated over a discrete spectral band measured by the IHIP: 

   2
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  . (61) 

In Eq. 61, i are the discrete wavenumber elements in the band, and nsamp is the total number of 

spectral samples. The SNR is given by 

  
1

rms

SNR
N

 . (62) 
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Using Eqs. 60 - 62, the SNR was calculated for the IHIP for four different spectral bands 

across the SWIR and MWIR and for values of K equal to 2, 4, 8, and 10 averages. Fig. 47 depicts 

the calculated average SNR values as a function of K for a 20-by-20 pixel area acquired at the 

center of the field of view of the SC6700. The bandwidth used for each calculation was set to 

1350 cm     and the center wavenumber for the band is indicated in the plot legend. The 

error bars at each data point correspond to the standard deviation in the SNR. Also included in 

Fig. 47 are linear fits for each spectral band, calculated using  

  2
1 0.SNR K    (63) 

Calculating the 2K - coefficient, 2 , indicates that 2   2.1 % of 1  for all calculated spectral 

bands and is therefore neglected.  
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Fig. 47. Calculated SNR for the IHIP for four spectral bands, where the center wavenumber of each 
band is indicated in the legend. Least squares fits for each band are also included to indicate the 

correspondence to SNR K .  

Eq. 63 assumes that the spectra recovered by the IHIP/SC6700 camera system are photon 

noise limited, and examining the correspondence of the fits to the calculated SNR values suggests 

that this is likely the case. While photon noise limited performance is ideal from an SNR 

standpoint, these results suggest that because the IHIP does not maintain the multiplex advantage 

over photon noise limited dispersive spectrometers [16]. Additionally the IHIP is likely subject to 
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the so-called multiplex disadvantage [17], which can result in a loss of low signal spectral data in 

the noise of larger signal data.  

5.2 Systematic Error Analysis  

This section provides independent analyses of three potential sources of error that may affect the 

results of the IHIP. Together they provide an estimate of the total error that can be expected in the 

spectropolarimetric reconstructions of approximately 1-4%.    

5.2.1 Artifact Reduction Errors 

When utilizing ART, a misalignment of polarizers P1 and P2 will prevent the realization of the 

perfect 180o carrier frequency phase shift expressed in Eq. 59. The result will be residual 

multiplexing of S0 into the S1, S2, and S3 data. To provide quantification of the potential errors 

introduced due to imperfect implementation of ART, the IHIP was used with SWIR/MWIR 

SC6700 camera to image the diffuse unpolarized radiance emanating from the exit port of an 

integrating sphere. A tungsten halogen lamp was used as a source at the entrance port of the 

sphere. Polarimetric reference data was also acquired directly after the collection of the 

unpolarized data using the integrating sphere as a source and a linear polarizer with its 

transmission-axis oriented at 22.5o relative to the horizontal placed directly in front of R1. Ten 

consecutive interferogram data sets were collected and averaged after Mertz phase correction for 

the reference and sample data and for both 0o and 90o P1 and P2 polarizer orientations. ART was 

then applied to the two averaged data sets, and the normalized Stokes parameters S1, S2, and S3 

were reconstructed using Eqs. 54 - 56.  

Fig. 48 depicts the spectropolarimetric results for an arbitrary pixel from the image of the exit 

port of the sphere.  The spectral axis corresponds to the region where high S0 signal is detected 

for the source, approximately 3600 – 6600 cm-1 (λ = 1.5 - 2.8 µm). Low amplitude false 

signatures are detected in each of the polarized Stokes parameters. Calculating the rms value of 

S1, S2, and S3 over the given SWIR spectral band for each pixel in a 20-by-20 pixel region of the 

image of the exit port, results in an average rms error in each Stokes parameter given by 

1 0.396% 0.029%S
rms   , 2 0.812% 0.040%S

rms   , 3 0.942% 0.039%S
rms   . Other pixels 

provide similar spectropolarimetric results with respect to the magnitude of the false signatures, 

though the actual spectral features appear to be random in nature.  While this error can not be 

entirely attributed to residual S0 data present after ART, these values provide an estimate of the 

minimum error in the reconstruction of S1, S2, and S3 due to misalignment of the polarizers. 
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Conversely, these results can be compared to the rms errors in the reconstructed Stokes 

parameters obtained under the same conditions when ART is not applied, given by 

1 0.872% 0.038%S
rms   , 2 5.86% 0.13%S

rms   , 3 2.28% 0.12%S
rms    for the same bandpass. 

The significant increase in error indicates that the application of ART is worthwhile, even if the 

polarizer misalignment results in some residual error. 

 

 

 

Fig. 48. Spectropolarimetric reconstructions for an unpolarized source after the implementation of 
ART. Residual modulations are reconstructed as false polarimetric signatures. The increased error 
at the edges of the band correspond to regions of diminished S0 signal. 

5.2.2 Polarimetric Calibration Error 

For the polarimetric calibration procedure outlined in section 4.1.3, a degree of polarization 

(DoP) equal to 1 is assumed for the reference state, where 
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  (64) 

A DoP < 1 results in an artificial amplification of the recovered Stokes parameter values 

(determined using Eqs. 54 - 56) versus the actual incident Stokes parameters. The extinction ratio 

E for the wire grid polarizer employed during the reference measurement procedure relates the 

measured Stokes parameter value, 1,2,3
meas
iS  , to the actual value, 1,2,3

act
iS  ; specifically, 

  1,2,3 1,2,3

1

1
meas act
i i

E
S S
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. (65) 
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Table 4 lists the extinction ratio provided by the manufacturer for several wavenumber values 

across the SWIR and MWIR as well as the calculated amplification coefficient, ( 1) / ( 1)E E  .  

The results in Table 4 indicate that the induced amplification of each Stokes parameter is ≤ 1% 

for the majority of the pass band of the IHIP, with ~2% amplification in each Stokes parameter 

for σ > 5000 cm-1 (λ < 2 µm). Furthermore, Eq. 65 implies that the amplitude coefficient could be 

removed if the extinction ratio is quantified for each wavenumber across the instrument’s 

passband.  

 
Table 4. The extinction ratio and the resulting amplification coefficient that produces an 

artificial increase in the measured values of the S1, S2, and S3 Stokes parameters. 
Wavenumber Extinction  Amplification 

cm^(-1) Ratio Coefficient 

6667 90 1.023 
5000 140 1.014 
4000 210 1.010 
3333 250 1.008 
2500 350 1.006 
1667 900 1.002 

 
The integrating sphere experimental setup described in section 5.2.1 also provides an 

opportunity to estimate the polarimetric reconstruction error introduced by any R1 and R2 

misalignment.  While it is difficult to isolate this error in the assembled IHIP, an estimate can be 

formed by measuring a polarized source of known polarization state, applying ART to minimize 

the S0 modulations in CSP channels C1 and C2, and calculating the recovered Stokes parameter 

values using Eqs. 54 - 56. These values can then be matched to simulated Stokes parameter 

reconstruction results produced by a misaligned system to estimate the errors in the alignments of 

R1 and R2. However, it is important to note that because S1, S2, and S3 are not entirely band 

limited, even in the case of perfect retarder alignment, there will always be some interaction 

between channels C1 and C2 in the experimental results. Using a broadband source, such as the 

tungsten halogen lamp implemented here, will minimize these additional interactions.   

To provide the polarized sample data, a linear polarizer with its transmission-axis at 0o 

relative to the horizontal (producing a normalized Stokes parameters of S1/S0 = 1, S2/S0 = 0, and 

S3/S0 = 0) was placed after the exit port of the integrating sphere and imaged by the IHIP. Again, 

ten consecutive interferogram data sets were collected and averaged after Mertz phase correction 

for both 0o and 90o P1 and P2 polarizer orientations. ART was then applied to the data and S1, S2, 
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and S3 were reconstructed at each pixel using Eqs. 54 - 56 and the 22.5o linear integrating sphere 

reference data described above. Calculating the average values for S1, S2, and S3 over the given 

SWIR spectral band and a 20-by-20 pixel portion of the image of the exit port, the mean value for 

each Stokes parameter, 1,2,3iS  , is given by 1 0.968 0.001S   , 2 0.034 0.001S    , 

3 0.013 0.001S   . These results are consistent with a misalignment of each retarder by 

approximately +/-1o from the ideal value of 0o for R1 and 45 o for R2.  

Again, the error measured in this experiment cannot be attributed entirely to retarder 

misalignment; the intention here is to provide an estimate of the alignment accuracy, and 

ultimately quantify the errors expected when measuring a polarized source with the IHIP. 

Regardless, this analysis indicates that cross-talk between the CSP channels, from retarder 

misalignment or otherwise, will likely be the dominant source of error for the IHIP. 

5.3 Results 

The following subsections detail some of the results that have been obtained with the IHIP 

instrument. Preliminary results used the sensor as an imaging FTS exclusively; based on the 

results of these experiments, the polarization analyzing optics were added to the system and 

complete spectropolarimetric data was acquired in the lab as well as outdoors.  

5.3.1 Imaging Fourier Transform Spectrometer Results 

For the data presented in this section, the IHIP was used with the Indigo Merlin lab camera, and 

the CSP retarders (R1 and R2) were not included in the system; thus, the sensor operated as an 

MWIR imaging spectrometer. In this configuration, the IHIP was used to reconstruct transmission 

spectra in the laboratory. The experimental setup is depicted in Fig. 49 (a). A source consisting of 

a variable temperature hot plate, set at a spatially uniform temperature of 106o C, was used to fill 

the field of view of the sensor. An image of the non-uniformity-corrected scene, as imaged by the 

Indigo camera, is depicted in Fig. 49 (b). The three objects which comprised the scene included a 

Xerox overhead transparency, a compact disc jewel case cover, and two layers of a plastic bag 

affixed to an optical mount.  

For all data sets, data were averaged after Mertz phase correction over ten consecutive 

interferograms. Transmission spectra were calculated from interferograms collected at three 

different arbitrarily selected pixels across the image, whose approximate locations are marked by 

three ‘ ’ in Fig. 49 (b). Data were also collected of the hotplate, with the scene removed, to 
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provide a measurement of the incident radiation. The transmission spectrum at each (n,m) pixel, 

, ( )n m  , was calculated using 

  0
,

0

( , , )
( ) ,

( , , )

plastic

n m hotplate

S n m

S n m





   (66) 

where 0 ( , , )plasticS n m  and 0 ( , , )hotplateS n m  are the scene and incident radiation measurements, 

respectively, established using spectra reconstructed from phase-corrected interferograms. In 

calculating the spectra used in Eq. 66, a linear detector response was assumed, where the digital 

number (DN) can be modeled using Eq. 50.  
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(a) (b) 

Fig. 49. Transmission spectra experiment. (a) Experimental setup. A 106 oC hotplate is used as a 
source behind a scene of various plastic targets. (b) The scene, as imaged by the Indigo camera. 
Each object is labeled. 

The reconstructed spectra for the three pixels are depicted in Fig. 50. The spectral resolution 

for these reconstructions is 145.4 cm   . For comparison, transmission spectra for the three 

plastic objects used in the scene were acquired using a commercial Oriel MIR8000 infrared FTS 

with an 80026 MCT detector and an 80007 Silicon Carbide source. The transmission spectra 

obtained using Eq. 66 with the Oriel FTS, at an equivalent spectral resolution to that of the IHIP, 

are also depicted in Fig. 50. Comparing the two sets of transmission spectra indicates ~5% rms 

variation between each of the three pairs of reconstructed spectra, indicating that the spectrally 

calibrated IHIP can accurately recover spectral data.  
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Fig. 50. Transmission spectra results for the three pixel locations marked in Fig. 49 (b), as 
reconstructed by the IHIP (dashed lines), and as recovered by a commercial FTS (solid lines). 

The relatively uniform scene used in this transmission spectra experiment also provides 

opportunity to explore the various spatial averaging capabilities of the IHIP. For the majority of 

the data in this work, averaging was performed via the time domain. Specifically, multiple 

interferograms were acquired sequentially in time, phase corrected, and averaged. However, for 

objects which are imaged over multiple pixels, as is the case for all of the objects measured in this 

experiment (demonstrated by Fig. 49 (b)), spatial averaging can be used instead to reduce 

temporal artifacts. To compare the errors from spatial averaging versus temporal averaging, Fig. 

51 (a) depicts the results of performing spatial averaging exclusively, where the transmission 

spectra was produced from a single interferogram datacube measurement (for both the scene and 

source) over 9 neighboring pixels from a 3-by-3 array. Conversely, Fig. 51 (b) presents the results 

of averaging 9 time sequential measurements over a single pixel (similar to the 10 interferogram 

average depicted in Fig. 50). Finally, Fig. 51 (c) depicts the recovered transmission spectra when 

the data is averaged over the 9 neighboring pixels and 9 sequential interferograms. As in Fig. 50, 

the results from the Oriel FTS are superimposed on each plot.  

Table 5 provides rms error analyses for each of the results in Fig. 51 relative to the 

transmission spectral provided by the commercial FTS. Comparison of these results indicates that 

spatial averaging exclusively does not provide as much noise reduction as was produced by 

temporal averaging. However, using both averaging techniques together provides the minimal 
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rms error in this experiment. Of course, the underlying assumption in these results is that the 

scene being measured is stationary over the measurement period. While this is relatively easy to 

achieve in the laboratory setting, outdoor implementation of the IHIP will provide susceptibility 

to temporal misregistration. Therefore, in the case of a non-stationary, spatially uniform scene, 

spatial averaging may provide more useful results (with less error) than is suggested by this 

analysis. 
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Fig. 51. Fourier transform spectrometer results from a number of averaging techniques. In (a) the 
transmission spectral is produced by using spatial averaging exclusively. In (b) the spectra are the 
result of temporal averaging exclusively, while in (c) both spatial and temporal averaging are 
employed.  

Table 5. RMS error analysis for each of the transmission spectra presented in Fig. 51, 
calculated relative to the results obtained with a commercial non-imaging FTS. 

RMS Error (%) Fig. 51 (a) Fig. 51 (b) Fig. 51 (c) 
Transparency 8.69 5.18 4.93 
Jewel Case 5.66 4.55 4.66 

Plastic Bag 6.67 4.65 4.55 

 

5.3.2 Imaging Spectropolarimeter Results 

5.3.2.1 Laboratory Results 

With retarders R1 and R2 added to the IHIP, the sensor was used with the FLIR SC6700 

SWIR/MWIR camera to measure the spectropolarimetric signature of a 150 mm diameter 

obsidian sphere in the laboratory.  Prior to data collection, the sphere was heated in a 120o C oven 

for 4 hours. It was then imaged at the center of the field of view, 2 m from the first surface of R1. 

Polarimetric reference data was also acquired directly after sample data collection using the 

reference data geometry described in section 4.1.3. For the implementation of the artifact 
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reduction technique (ART), three dimensional interferogram data was acquired for both 0o and 

90o P1 and P2 polarizer orientations. Acquiring data with both polarizer orientations results in a 

small image shift between the two interferogram data sets that is corrected using an image 

registration algorithm during post processing. To improve the SNR, the sample and reference data 

were averaged over ten consecutive interferograms. 

Due to the temperature of the object, the sample data was dominated by an MWIR emission 

signature; negligible SWIR data was observed. Fig. 52 depicts the experimentally measured 

spectropolarimetric data from the spherical emitter, where the field of view of the camera has 

been reduced to the vicinity of the object (approximately 270x270 pixels of the FPA). Fig. 52 (a) 

depicts the band integrated S0 (radiance) data. The S1, S2, and S3 signatures reconstructed at σ = 

2577 cm-1 (λ  = 3.88 μm) are depicted in Fig. 52 (b), (c), and (d), respectively. A noise reduction 

filter was implemented to suppress false polarimetric signatures in the S1, S2, and S3 data in 

regions of low spectral radiance, such as in the background behind the sphere in Fig. 52. The 

filter operates by evaluating the S0 signature at a given (n,m) pixel. If the S0 signal at the pixel is 

below a pre-defined threshold, such as a fraction of the mean spectral radiance across the image 

(here, 3/10 of the mean was used), then the reconstructed S1, S2, and S3 data for that pixel is 

removed. Overall, the data trends demonstrate correspondence to similar polarimetric data 

reported previously by a two camera polarimeter operating in the LWIR [55].  

The data presented in Fig. 52 can be combined through the use of colorfusion [56] to produce 

two images that display the complete Stokes vector data. Colorfusion uses a color mapping to 

simultaneously represent radiance data with either linear polarization data as in Fig. 53 (a), or 

radiance data with circular polarization data as in Fig. 53 (b). The orientation of the polarization 

ellipse is represented by the hue, the degree of polarization is indicated by the saturation, and the 

grayscale value depicts the intensity image (S0).  The degree of linear polarization (DoLP) and the 

orientation θL are calculated from S1 and S2 using [43] 
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For the DoLP colorfusion images presented in this dissertation, magenta, red, yellow, green, 

cyan, and blue represent linear polarization orientations of 0, 30, 60, 90, 120, and 150 degrees, 
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respectively. Maximum saturation in Fig. 53 (a) represents a DoLP = 0.3. Similarly, the degree of 

circular polarization (DoCP) is found using S3 
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The handedness of the circular polarization component is again indicated by the hue, with red 

representing left circular polarization, and blue representing right circular polarization. Maximum 

saturation in Fig. 53 (b) represents a DoCP = 0.3; thus the absence of circular polarization is 

indicated by the minimal hue data present. 
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(c) (d) 

Fig. 52. Spectropolarimetric data acquired of an obsidian sphere. (a) Band integrated S0 signature. 
Stokes parameter signatures obtained at σ = 2577 cm-1 (λ = 3.88 μm), with S1 (b), S2 (c), S3 (d). 
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(a) (b) 

Fig. 53. Colorfusion images of the obsidian sphere. The S0, S1 and S2 signatures from Fig. 52 are 
represented in (a) using saturation for DoLP (full saturation at DoLP = 0.3), hue for orientation, and 
gray-scale value for band integrated intensity. S0 and S3 from Fig. 52 are depicted in (b) using 
saturation for DoCP (full saturation at DoCP = 0.3), hue for handedness, and gray-scale value for 
band integrated intensity.  

The DoLP results presented in Fig. 53 (a) are compared to the theoretical DoLP emission 

signature calculated using the geometry of the scene and band averaged value of the complex 

index of refraction for obsidian over 2000 – 3333 cm-1 of (n, k) ≈ (1.45, 0.0027) [57, 58]. The 

measured and theoretical DoLP values for a radial cross-section of the sphere are depicted in Fig. 

54 and agree with each other within 5.6% rms, where the calculated rms error has been 

normalized to the maximum DOP measured across the cross-section, DOP ≈ 0.31. Additionally, 

theoretical results indicate that no DoCP data should be present, and the measured DoCP 

signature portrayed in Fig. 53 (b) agrees with theory within 2.2 % rms, again normalized by the 

maximum DOP.  

The errors present in the DOLP and DOCP results were likely caused by several processes. 

First, examining the dual scan interferogram from the pixel corresponding to the center of the 

sphere, which should theoretically have a DOP = 0 [57], indicates a small amount of residual S0 

modulations are detected in both the C1 and C2 channels after ART is applied. As discussed in 

section 5.2.1, these modulations are reconstructed as a false S1, S2, and S3 signatures. Second, 

both the polarimetric calibration source as well as the sphere experience a decrease of S0 signal 

for σ < 2300 cm-1 and σ > 3200 cm-1, resulting in unreliable calibration of polarimetric data 

reconstructed in these portions of the band spectral. Fig. 54 (b) illustrates the combination these 

effects by depicting the normalized Stokes parameter reconstructions across the MWIR for the 
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pixel corresponding to approximately the center of the sphere, labeled as (x,y) =(143,143) on Fig. 

52. While false polarimetric signatures produced by the residual modulations are present 

throughout the MWIR, they are amplified in the vicinity of regions experiencing low S0 signal. 

Finally, interactions between the S1, S2, and S3 Stokes parameters will also affect reconstructions 

across the cross section of the sphere. 

Though part of the loss of the S0 signal of the reference is a result of atmospheric absorption 

features, which are unavoidable to some degree, future results may be improved by using a more 

broadband reference source, optimized to provide high S0 signal throughout the MWIR and 

SWIR. Furthermore, the performance of the IHIP is dependent on the spectral coherence of the 

sample being measured; broadband samples that provide both SWIR and MWIR S0 data will in 

general provide less interaction between the CSP channels, resulting in a reduction of false 

signatures.  

The S0 spectral data for the sphere was found to be relatively uniform across its spatial extent. 

Fig. 55 depicts an example of the spectra recovered for the (x,y) = (150,150) pixel at two different 

spectral resolutions. The single scan spectrum was obtained by Fourier filtering the centerburst 

from the channeled interferogram obtained at the (x,y) = (150,150) pixel. Due to the Fourier 

filter’s limited bandwidth and Hamming-apodization, this spectrum exhibits a relatively low 

spectral resolution of Δσ ≈ 182 cm-1. While both spectra clearly indicate that the object is a 

graybody emitter, the single scan spectrum offers minimal detail beyond this overall shape. 

Conversely, the dual scan spectrum was acquired by implementing ART to isolate the S0 data at 

all measured OPD values, allowing for the reconstruction of spectral data at the full spectral 

resolution of the interferometer (Δσ ≈ 46 cm-1). Consequently, ART increases the spectral 

resolution of the IHIP by nearly a factor of 4 and provides enhanced spectral details, such as the 

CO2 absorption feature centered at approximately 2350 cm-1, versus the single scan spectrum.  
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Fig. 54. DoLP data for the obsidian sphere. (a) Experimental and theoretical radial cross-section at 
σ = 2755 cm-1 (λ = 3.63 μm). Measured data exhibits 5.6% rms error versus theoretical 
calculations. (b) Reconstructed normalized Stokes parameters for the center pixel 
(row,column)=(143,143), as labeled in Fig. 52. The errors at the edges of the spectral band values 
correspond regions of diminished S0 signal for the polarimetric reference calibration source and/or 
the obsidian sphere spectrum.  

 

Fig. 55. Experimental S0 spectral data obtained for the obsidian sphere scene at the (x,y)=(150,150) 
pixel. Single scan spectrum exhibits relatively low spectral resolution (Δσ ≈ 182 cm-1). The dual 
scan spectrum was acquired by implementing ART and provides the full spectral resolution of the 
interferometer (Δσ ≈ 46 cm-1).  

5.3.2.2 Outdoor Vehicle Results 

Next, the IHIP was used to collect spectropolarimetric data outdoors with the FLIR SWIR/MWIR 

camera. The system was relocated to a pedestrian pathway on the University of Arizona campus 

and was used to collect interferometric data of the scene depicted in Fig. 56 (a), as imaged by the 
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IHIP. The scene was composed primarily of a pickup truck parked in front of a brick wall with 

vegetation in the background. The gradual increase in intensity around the edges of the FOV is a 

vignetting effect produced by a mismatch of the FOV of the birefringent interferometer (+/- 5 

deg) with the FOV of the commercial camera system (+/- 5.5 deg along the horizontal).  

The data presented here were acquired at 10:30 AM local time in August of 2010.  As with 

the obsidian sphere results, polarimetric reference data was also acquired directly after sample 

data collection using the reference data geometry described in section 4.1.3. Interferogram data 

was acquired for both 0o and 90o polarizer orientations to provide for the implementation of the 

artifact reduction technique (ART), detailed in section 4.2, and data were averaged over ten 

consecutive interferograms to suppress noise. Averaging over multiple interferograms also 

reduces the effects of temporal errors produced by sudden changes in the scene due to 

atmospheric turbulence and motion in the scene due to wind. 

The Mertz phase corrected S0 spectra of three arbitrarily selected pixels from the scene in Fig. 

56 (a) are depicted in Fig. 56 (b). These spectra were recovered by implementing ART to improve 

the S0 spectral resolution. The three spectra illustrate the distinctions between the spectra 

recovered from the truck body, the truck window, and the concrete in the foreground of the 

image. The spectral resolution of the data presented is Δσ ≈ 46 cm-1. 
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Fig. 56. Outdoor data collection. (a) S0, band integrated data. (b) Spectra recovered at three 
arbitrarily selected pixels from across the scene.   
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The S0 data recovered can also be used to observe exhaust emission signatures in the scene. 

To detect the emission signatures, the truck was left idling for approximately 20 minutes before 

data was collected. Fig. 57 (a) depicts hyperspectral S0 data recovered at σ = 2273 cm-1 (λ = 4.40 

μm) across the FOV of the IHIP. The plume emitting from the exhaust pipe of the truck is circled. 

The averaged spectral data observed over a 3x3 pixel array from the center of the plume, as well 

as from a 3x3 pixel array centered 30 pixels below the center of the plume, are presented in Fig. 

57 (b). The location of the center pixel for each spectrum is indicated on the plot legend. To 

isolate the gas emission signatures, the spectra depicted in Fig. 57 (b) were normalized to a 

spectrum recovered in a region removed from the exhaust plume. Both of the depicted spectra 

provide observable features in the 2200 – 2400 cm-1 region, with the spectrum directly extracted 

from the plume exhibiting more prominent features. These spectral emissions are qualitatively 

consistent with CO2 emission signatures that have been observed previously and theoretically 

simulated in the 2200 – 2400 cm-1 spectral region [59]. 

 

  

(a) (b) 

Fig. 57. Emission results from a running pickup truck. (a) S0 data across the FOV for σ = 2273 cm-1 
(λ = 4.40 μm). The emission from the exhaust pipe of the truck is circled. (b) Nine pixel averaged 
S0 spectral data recovered at different pixel locations across the image shown in (a). The ‘exhaust’ 
spectrum displays several emission peaks which may indicate the presence of CO2.  

DoLP data from the scene for various SWIR and MWIR spectral images are depicted Fig. 58 

using the colorfusion technique detailed in section 5.2.1. In each image, maximum color 

saturation occurs for DoLP = 0.4. Simulation indicates that the residual S0 spatial fringe artifacts 

present in the images (particularly in Fig. 58 (a)) are likely the result of high order reflections 

produced by multiple passes of a small amount of the incident light through the birefringent 

interferometer; Harvey and Fletcher-Holmes reported observing similar phenomena [15].  
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(a) (b) 

  
(c) (d) 

 
 
 

Fig. 58. Colorfusion DoLP data for the pickup truck recovered in the SWIR: (a) σ = 6618 cm-1 (λ = 
1.51 µm), and (b) σ = 4396 cm-1 (λ = 2.32 µm); recovered in the MWIR: (c) σ = 2846 cm-1 (λ = 
3.51 µm), and (d) σ = 2401 cm-1 (λ = 4.17 µm). Maximum saturation occurs at a DoLP value of 
0.4.  

Because the IHIP is a hyperspectral sensor, over a hundred colorfusion images can be 

produced from the three dimensional datacube recovered; the images presented are intended to 

illustrate the ability of the IHIP to recover data across SWIR and MWIR.  For example, Fig. 58 

(a) and (b) provide solar reflection-dominated intensity and polarization signatures typical of the 

SWIR, with strong polarization signatures prevailing in areas of high angle Fresnel reflections. 

Alternatively, Fig. 58 (c) and (d) provide signatures dominated by the emissions, including the 

polarization signatures which are dominant in regions where the emissions are observed at high 

angles, as expected [57]. In addition, due to the decreasing transmission of sapphire for 
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wavenumbers less than σ = 2500 cm-1 (λ > 4 μm), the performance of the anti-reflection (AR) 

coatings used on the birefringent elements, and the atmospheric absorption due to the presence of 

carbon dioxide, data quality suffers for wavenumbers below approximately σ = 2350 cm-1 (or 

wavelengths larger than λ = 4.25 μm).  

DoCP data was also obtained and is depicted using colorfusion in Fig. 59 for the SWIR in (a) 

and the MWIR in (b). Maximum saturation in Fig. 59 corresponds to DoCP = 0.4, and these 

images indicate that comparatively little S3 data is present versus S1 and S2. The S3 signatures that 

are present are attributed to cross-talk between the S1, S2 and S3 Stokes parameters produced by 

interactions between CSP channels, residual S0 signatures not removed by ART, and any errors 

introduced during polarimetric calibration which will result if R1 and R2 experience thermal 

fluctuations between the collection of reference and sample data (thereby altering φ1 and φ2) . 


(a) (b) 

Fig. 59. Colorfusion DoCP data for the pickup truck recovered in (a) SWIR, σ = 4813 cm-1 (λ = 
2.08µm) and (b) MWIR σ = 2599 cm-1 (λ = 3.85 µm). Maximum saturation occurs for DoCP = 0.4. 

The SWIR polarization results depicted Fig. 58 are somewhat atypical with respect to the 

expected polarization signatures for reflection dominated data. To provide qualitative verification 

of the signatures, independent polarization measurements of the targets were acquired in the near 

infrared (NIR), approximately 10000 – 12500 cm-1 (800 – 1000 nm). The camera used for these 

measurements was a modified Canon Rebel 300D commercial SLR with the infrared blocking 

filter removed. To analyze the S1 polarization signatures, a linear polarizer optimized for the NIR 

was mounted in front of the objective of the camera. Sequential measurements were acquired 

with the transmission-axis of the polarizer oriented horizontally, then vertically. These 
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measurements were then combined using the relations of Eq. 3 to provide an estimate of the band 

integrated values for S0, and S1 in the NIR. 

Measurements were taken at the same time of day as the original IHIP data set in an attempt 

to replicate the solar geometry. Fig. 60 depicts the results from these NIR measurements. 

Colorfusion is used in each image to simultaneously represent S0 and S1, with green indicating a 

vertical signature (S1 < 0), magenta indicating a horizontal signature (S1 > 0), and the absence of 

color representing an S1 = 0 measurement. Maximum color saturation indicates S1/S0=0.2 (though 

the NIR polarimeter was not calibrated and thus these measurements can only truly be considered 

qualitative comparisons).  

 

(a) (b) 

(c) (d) 

Fig. 60. NIR colorfusion broadband polarization results. 

In Fig. 60 (a), the truck was parked in approximately the same orientation relative to the sun as during 

the original data set. Consistent with the data acquired in the SWIR with the IHIP, a strong vertical 

signature is measured off the hood of the truck. Similarly, the cement in the foreground of Fig. 58 was also 

measured; as depicted in Fig. 60 (b), this NIR data also indicates agreement with the weak vertical 

signatures present in the IHIP data. Similarly, the roof and side of the truck presented in Fig. 60 (c) 
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replicate the IHIP’s results. Finally, a different vehicle (a silver Ford Explorer) was also measured. As 

depicted in Fig. 60 (d), this vehicle provided similar results to the pickup truck. 

5.3.2.3 Outdoor Plume Results 

Additional outdoor testing of the IHIP involved relocating the instrument to observe the roof of 

the water heating and cooling facility on the University of Arizona campus. This target allows for 

the observation of gas plume emission signatures, particularly carbon dioxide. The broadband IR 

radiance image of the scene is depicted in Fig. 61, as imaged by the SC 6700 camera. Here, the 

FOV of the instrument is centered on two smokestacks. Data collected on this scene were 

averaged over 10 consecutive interferograms for each polarizer orientation, allowing for the 

implementation of ART.  
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Fig. 61. Broadband SWIR/MWIR radiance image of two smokestacks used for data collection with 
the IHIP. The primary focus of the scene is the two smokestacks in the foreground of the image.  

The spectral emission signatures from three pixels from the scene in Fig. 61 are depicted in 

Fig. 62 (a). The approximate spatial location of each pixel in the FOV is designated by a color 

coded ‘*’ in Fig. 61. Each spectrum is plotted on an independent axis, and thus the data has been 

scaled to allow representation of all three data sets on the same plot. The hotter smokestack 

demonstrates a strong CO2 emission signature from 4.1 – 4.6 um, with the cooler stack providing 

a weaker emulation of the same signature. This lower amplitude signature could be the result of 

the radiation from the hot stack. However, image processing indicates that the cooler stack is in 

fact emitting gas; Fig. 62 (b) depicts a 3
0S radiance image from the region near the stacks and 

illustrates the emitted radiation. In addition, a pixel from the roof indicates a more uniform 

background spectrum with little indication of a CO2 signature.  
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Hyperspectral polarization data was also acquired, and Fig. 63 depicts some of the results for 

one of the scenes measured. Here, degree of linear polarization (DoLP) colorfusion is used to 

simultaneously represent the S0 radiance data with the linear polarization measured. Maximum 

color saturation is mapped to a DoLP = 0.4. Overall, the figures depict high DoLP signatures on 

the smooth, man made features, such as the roof, as expected. Increased error is detected in areas 

of the image influenced by the emitted gas, such as directly above the left smoke stack.  
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Fig. 62. S0 spectral results from the scene in Fig. 61. Three spectra from the scene are depicted in 
(a). In (b), a cube root S0 image indicates that the cooler smoke stack is emitting gas.  
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(a) (b) (c) 

Fig. 63. DoLP colorfusion images acquired at three different spectral values through the datacube, 
as indicated in the title of each figure. The roof of the building demonstrates a strong S2 signature. 
Maximum saturation corresponds to a DoLP = 0.4 
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5.4 Additional System Analyses 

This last section of this chapter provides three additional system analyses to provide a better 

understanding of the data obtained with the IHIP. The first section quantifies some of the phase 

errors associated with the collection of a nearly single sided interferogram and the anticipated 

errors when using Mertz versus Connes phase correction. Next, a thermal analysis of the 

instrument is performed to provide a quantification of the anticipated thermal errors that may be 

expected when the IHIP experiences a thermal variation between the collection of sample and 

reference data. Finally, the last subsection simulates the potential effects of noise on the CSP 

reconstructions.  

5.4.1 Phase Correction Analysis 

Phase errors in Fourier transform spectrometers (FTSs) can produce reconstructed spectra that are 

not representative of the actual spectra measured. Phase errors can be produced for a variety of 

reasons, such as if the interferogram is not sampled at precisely the centerburst, or OPD = 0 

position. In many conventional FTS configurations, the interferogram that is collected is 

symmetric about the centerburst, and phase errors do not affect the reconstructed spectra [11], 

provided that the Connes phase correction technique (CPC) is implemented [51]. The Connes 

technique involves taking the absolute value of the reconstructed spectral data prior to averaging. 

However, to improve the spectral resolution of the instrument by nearly a factor of two, the IHIP 

can be configured to collect a nearly single-sided interferogram, as was done for all data 

presented in this dissertation. Phase correction on this single-sided interferogram can be 

performed using the Mertz phase correction technique (MPC) [42], which uses the symmetric 

portion of the interferogram (around the centerburst) to calculate low frequency phase errors.  

Because MPC adds significant computation time to the reconstruction of a hyperspectral 

datacube, the effectiveness of the technique at reducing phase errors was investigated using 

symmetric interferogram data that was acquired by the IHIP. By removing the high order retarder 

R3 from the system, a double-sided interferogram can be collected. Additionally, to ensure the 

measurement of purely spectral data, retarders R1 and R2 are also removed from the system, and 

the birefringent interferometer now functions exclusively as an imaging FTS. In this 

configuration, the IHIP was used to image the emitted radiation from a uniform temperature, 75o 

C hotplate. A sample interferogram collected at a single pixel is depicted in Fig. 64 (a).  

Collected data was processed three different ways to compare reconstruction errors associated 

with single-sided Mertz and Connes phase correction techniques to the spectrum recovered from 
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a symmetric interferogram. First, the symmetric interferogram was used to recover the spectrum 

using the Connes technique. Because this spectrum makes use of the interferogram data measured 

at all positive and negative values of OPD, this ‘symmetric’ spectrum should not be subject to 

phase errors. Second, an asymmetric interferogram was produced by removing data from the 

symmetric interferogram corresponding to h values < -20 mm. The result is a nearly single-sided 

interferogram (as selected by the green box in Fig. 64 (a)) with equivalent spectral resolution to 

the original symmetric interferogram. This asymmetric interferogram was then used to recover 

the spectrum using either the Mertz or the Connes phase correction techniques. 
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Fig. 64. Phase correction data. (a) A symmetric interferogram is used to compare Connes and Mertz 
phase correction techniques. (b) Reconstructed spectra for the single pixel of data depicted in (a). 

The three spectra reconstructed from the interferogram depicted in Fig. 64 (a) are presented in 

Fig. 64 (b). While all the spectra demonstrate considerable similarity, the MPC single-sided 

spectrum demonstrates observably better correspondence to the symmetric spectra than the CPC 

single-sided spectrum. Quantitatively, rms error analysis provides a 1.50% error between the 

symmetric spectrum and the MPC spectrum, and a 2.48% error between the symmetric spectrum 

and the CPC spectrum. Calculating the rms error at each pixel over an 80 pixel region of the 

image indicates that on average, the MPC spectra are subject to approximately 1.43% error, while 

the CPC spectra are subject to approximately 2.88% error.  

These results suggest that while MPC can reduce the error in single-sided reconstructions by 

over a percent, CPC can also be used to produce relatively reliable spectral data on single-sided 

interferograms. While the data may be subject to slightly higher error, CPC is considerably less 

‘single-sided’ 
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computationally intensive, and can result in significantly faster datacube reconstructions (over 

twice as fast when processed on the computer used for IHIP data reconstruction). Furthermore, 

these investigations indicate that MPC has the potential to introduce additional error into spectral 

reconstructions if implemented incorrectly. Specifically, MPC involves applying multiple 

apodization and shifting filters to the data; these operations must be performed with considerable 

precision, or the result may be the introduction of a relatively large amount of error - up to an 

additional 4.5% rms error was measured when the apodization filters were shifted to the incorrect 

position by a single data point. Based on these findings, it may be more useful to apply CPC 

when processing over the entire FOV of the IHIP, and reserve implementation of MPC over small 

regions of interest (ROIs) for improved accuracy. 

5.4.2 Thermal Variation Studies 

One complication of the reference beam calibration technique arises when the CSP retarders 

experience a change in temperature after the reference measurement has been collected. 

Temperature change produces a variation in thickness and dispersion of the birefringent elements, 

resulting in an alteration of the modulating phase factors present in the channels of the 

interferogram. This section presents an analysis of the thermal variability of the IHIP, 

incorporating the thermal effects associated with the Wollaston prisms which are used in the 

birefringent interferometer (BI) as well as the retarders R1, R2, and R3. The following is an 

investigation, through simulation, of the anticipated thermal errors for the entire IHIP system.  

To produce the new thermal model, recall that the phase associated with the optical path 

difference (OPD) provided by the BI (on-axis) is given by  

      32 2 tan ,h B h B d                 (70) 

where σ is the wavenumber, defined as 1   and o e( ) ( ( ) ( ))B n n     is the birefringence of 

the crystal. The first term in Eq. 70 corresponds to the OPD produced by the two Wollaston 

prisms, each with apex angle θ and with a relative displacement of h; the second term 

corresponds to the additional OPD introduced by retarder R3, with thickness d3. R3 provides the 

additional retardance that enables a single-sided interferogram to be measured. 

The change in phase of the BI as a function of temperature change T can be estimated as 

       32 2 tan ( ) ( ) ,h s p s

B B
T h B d B

T T
       

                    
 (71) 
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where ,s p  is the linear coefficient of thermal expansion perpendicular (s) or parallel (p) to the 

optic axis of the crystal, and e on nB

T T T

        
 is the temperature coefficient of birefringence. 

Similarly, the change in phase of retarders R1 and R2 as a function of temperature change, 

1 2 and ,   respectively, is given by 

  1,2 1,22 ( ) .s

B
d T B

T
          

 (72) 

Thus the phase produced by the ith birefringent element during the measurement of a sample 

interferogram, ,i sample , will depart from the phase of the calibration interferogram, ,i reference  

according to 

  , , .i sample i reference i      (73) 

The phase variations modeled in Eqs. 71 and 72 can be incorporated into each of the 

interferogram channels to allow for simulation of the anticipated interferogram effects. Using the 

functional form of the channeled interferogram provided previously (Eqs. 17-19), each of the 

three channels (Ci=0..2) collected for analysis with the IHIP can be expressed as 

   0
0 cos ,

2 h h

S
C d      (74) 

   1
1 2 2cos ,  and

4 h h

S
C d           (75) 

  
 

  

2
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  (76) 

Using Eqs. 74 - 76, the on-axis interferogram was simulated via Matlab for a broadband, 2000 – 

6667 cm-1 source, uniformly polarized at 22.5o. For the thermal properties of synthetic sapphire, 

65.0 10s
  , 66.6 10p

  , and 61.1 10B T      are used [50,60]. The resulting channeled 

interferograms are depicted in Fig. 65 (a) for a variety of temperature shifts (in degrees C) away 

from the ambient temperature at which the reference interferogram was collected. For 

comparison, Fig. 65 (b) depicts the resulting interferograms when the phase change associated 



  106 

   

with the Wollaston prisms is not included in the simulation. Fig. 65 indicates that including the 

effects of the Wollaston prisms in the comprehensive model provides for a considerable decrease 

in detectable thermal drift that can be anticipated in a channeled interferogram versus the thermal 

drift that is to be expected from the channeled spectropolarimetry (CSP) retarders exclusively. 
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Fig. 65. Thermal simulations for the on-axis interferogram. In (a), thermal variations of the 
Wollaston prisms are included in the simulation; in (b), only the variations from retarders R1, R2, 
and R3 are incorporated. 

Next the thermal model is used to investigate the potential polarimetric reconstruction errors 

that may be expected if a change of temperature is experienced between the collection of 

reference and sample data. Here the same source spectra and polarization model are used as was 

used to produce the interferograms presented in Fig. 65 (a). Each of the Stokes parameters S1, S2, 

and S3 were reconstructed using the artifact reduction technique (ART) in conjunction with the 

reference beam calibration technique to remove S0 reconstruction errors. Table 6 lists the 

resulting reconstruction errors, with (a) providing the rms error found with the Wollaston prisms’ 

thermal model included in simulation and (b) providing the rms error found when the Wollaston 

prisms’ contribution to the thermal model was ignored. 

The results in Table 6 (a) indicate that the phase changes associated with the BI appear to 

mitigate those produced by the CSP retarders, providing a relatively stable thermal system. 

Assuming reference data is acquired indoors in the laboratory, it is anticipated that thermal 

fluctuations will produce no more than about 2% error in any one Stokes parameter for typical 

environmental conditions. Of course, these simulations assume a spatially uniform change in 

0
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temperature across the birefringent elements, and results will deviate in field application of the 

IHIP if this is not a legitimate assumption.  

 
Table 6. Polarimetric reconstruction error results with BI included in thermal model (a) 
and with BI excluded (b). The temperature change indicates the ΔT used to model the 
sample data relative to the reference data.  

Temperature S1 S2 S3 Temperature S1 S2 S3 
Change (deg C) rms (%) rms (%) rms (%) Change (deg C) rms (%) rms (%) rms (%)

0 0.00 0.00 0.00 0 0.00 0.00 0.00 
2 0.06 0.04 0.27 2 0.06 0.10 3.91 
5 0.15 0.07 0.67 5 0.15 0.69 9.76 
10 0.29 0.19 1.29 10 0.30 2.92 19.32 

20 0.54 0.90 2.30 20 0.57 11.76 36.89 
    (a)          (b) 
 

Ideally, experimental verification of the above results demands observation of the thermal 

variability of the instrument in temperature controlled conditions. However, to provide 

preliminary experimental verification of the results of these simulations, data acquired outdoors 

was reconstructed using a laboratory polarimetric calibration (acquired at different thermal 

conditions) and measured the error induced by performing this calibration. 

For this study, previously acquired outdoor data of a pickup truck (from section 5.3.3.2) was 

used, where the broadband image of the scene is reproduced in Fig. 66. This data set contains 

strong polarization signatures in S1 and S2 that should be identifiable after polarimetric 

calibration. A 100-by-100 pixel sample was selected from the 640-by-520 pixel data set to 

perform the investigation, where the approximate location of the sample area is indicated by the 

yellow box in Fig. 66. First, the data set was calibrated using the reference data that was acquired 

directly after the collection of the sample data at an ambient temperature of 31o C. A sample of 

from this datacube is depicted in Fig. 67 (a) for S1/S0 at 6116 cm-1. Note that the recovered data 

depicted has not been processed through a noise filter, which removes the false polarimetric 

signatures from the low signal area, such as the truck window (as discussed in section 5.3.3). 

Assuming crystal elements were at thermal equilibrium during data collection, which is a 

reasonable assumption for the data collection methodology employed (the sensor was in the 

shade, had remained in the environment for over an hour, etc), then the change in phase of each 

crystal element from the collection of sample and reference data should be minimal. Thus these 

polarimetric reconstructions should contain minimal thermal error, and will serve to provide a 

ground truth to compare with the results of laboratory calibration. 
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Fig. 66. Broadband SWIR/MWIR image of a pickup truck scene measured by the IHIP. A 100-by-
100 pixel area from this scene, indicated by the yellow box, was used for the polarimetric 
calibration studies in this section. 

Next, multiple calibrations the data set were attempted using a set of laboratory polarimetric 

calibration data that was acquired at an ambient temperature of 22o C while the IHIP was imaging 

the reflected and emitted radiance from a uniform ceramic tile panel illuminated by a tungsten 

halogen lamp. To provide the uniform reference polarization across the FOV, a wire grid 

polarizer (of same specifications as the polarizers used for P1 and P2) was placed directly in front 

of R1 (the first IHIP element, as labeled in Fig. 15), with its transmission-axis oriented at 22.5o. 

First, the laboratory calibration was used to recover the data without performing any post 

processing of the calibration data. The S1/S0 at 6116 cm-1 sample image for this calibration is 

depicted in Fig. 67 (b). Comparing to Fig. 67 (a) indicates that this calibration results in 

reconstructed data with overall little correspondence to the original outdoor calibration. However, 

several thin, mostly vertical stripe-like regions across the FOV demonstrate noticeable better 

correlation to the results of the outdoor calibration. These regions correspond to pixels where the 

collected interferogram’s centerburst (OPD = 0) is at the same Wollaston prism 2 (W2) 

displacement (hOPD=0) as in the original outdoor calibration. Shifting the interferogram data points 

at the remaining pixels such as to align hOPD=0 with the values from the outdoor calibration across 

the FOV results in Fig. 67 (c), a reconstruction with marked improvement in qualitative 

correspondence to the original calibration.  
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S1 @ 6116cm-1 (=1.64m), original outdoor calibration
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S1 @ 6116cm-1 (=1.64m), shifted channel lab calibration
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(c) (d) 

Fig. 67. S1 reconstructions of a 100x100 pixel subset of a scene at σ = 6116 cm-1. Polarimetric 
calibration was performed using reference data acquired (a) outdoors directly after data collection, 
(b) – (d) in the laboratory under different thermal conditions.   

In addition, a change in temperature of the retarders results in a change in the linear slope of 

the phase introduced by each retarder as a function of σ, per Eq. 72. Thus adjusting the slope of 

the phase in each channel of the laboratory calibration data to match the slopes present in the 

outdoor calibration should result in additional improvement in the data recovered by the 

laboratory calibration. Fig. 67 (d) presents the results for S1/S0 at 6116 cm-1 recovered after 

performing this slope adjustment. Qualitative comparison with Fig. 67 (c) indicates minimal 

change in the recovered signatures. 

To provide better clarification of the result of performing a slope adjustment in attempt to 

further increase lab reconstruction fidelity, an rms error analysis was performed to compare the 

data recovered using the laboratory reference calibration to the original outdoor calibration. The 

rms error was calculated for three high signal spectral bands (Δσ = 354 cm-1 ) in the data: two 
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SWIR bands centered at 6116 cm-1 and 4700 cm-1, and one MWIR band at 2577 cm-1. The error 

was calculated for a 400 pixel area in the center of the FOV presented in Fig. 67, and Table 7 

presents the results of this error analysis. The RMS error was calculated both with and without 

the slope adjustment performed on the laboratory reference data. The results indicate that in 

practice, attempting to compensate for the change of slope of the phase tends to introduce more 

reconstruction error versus using the laboratory calibration without this additional post 

processing, particularly in S2 and S3. It is likely that these results can be at least partially attributed 

to the relatively low amplitude modulation of the polarization channels versus the centerburst, 

especially in the S2/S3 channel, which is modulated at 1/4th the amplitude of the S0 data. It is 

ultimately difficult to reliably extract the slope data such as to apply it to a separate calibration set 

with sufficient accuracy. Thus, these results indicated that performing a centerburst shift (as was 

done to produce Fig. 67 (c)) is the best method for performing a polarimetric calibration using 

reference data that was not acquired at the same temperature conditions as the sample data. 

 
Table 7. RMS error recovered for laboratory polarimetric reconstructions with (Left) or 
without (Right) slope adjustment versus the original reconstruction. 
With slope compensation      Without slope compensation     

wavenum (cm^-1) = 2577 4700 6116  wavenum (cm^-1) = 2577 4700 6116 
S1 rms error (%) 1.60 1.48 1.66  S1 rms error (%) 1.46 1.65 1.62 
S2 rms error (%) 9.40 6.03 4.79  S2 rms error (%) 4.85 3.81 3.61 

S3 rms error (%) 8.82 6.08 5.82  S3 rms error (%) 4.50 3.74 4.23 
 

It may be that a more advantageous approach to producing a thermally stable instrument is by 

temperature controlling the birefringent elements. By maintaining a known constant temperature 

across the elements during all data collection activities, reference data collected in the lab should 

contain carrier frequencies equivalent to those collected outdoors, and vice versa. This may 

remove the current demand to take polarimetric reference data during every field campaign and 

reduce thermal variability errors. 

5.4.3 Noise Suppression Studies 

In order to produce reliable data across the passband (2000 – 6667 cm-1) of the sensor using the 

reference beam calibration technique, polarimetric reference data must be acquired using a 

broadband source. In addition, S0,sample must have sufficient signal to noise ratio (SNR) to ensure 

that Eqs. 54-56  produce reliable normalized data. If the S0,sample signal is low, normalization may 

produce erroneous spectropolarimetric signatures in the data.  
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To verify that pixels subject to low signal interferograms can produce false polarimetric 

signatures, a Gaussian distributed random noise coefficient was introduced into theoretical 

interferograms produced by the system simulator to observe the effects on the reconstructed 

Stokes parameters.  An example interferogram for this simulation is depicted in Fig. 68, both with 

and without the inclusion of the noise term. 
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Fig. 68. Simulated single pixel interferograms, both with and without the introduction of Gaussian 
noise.  

 
Fig. 69 depicts two sets of reconstructed Stokes parameters recovered from this simulation. 

The input polarization state is uniform across the passband and indicated in the title of each plot. 

For this analysis, it was assumed that the reference measurement used for polarimetric calibration 

was not subject to any noise term; this assumption implies the reference data was acquired using a 

high signal, broadband source. These results suggest that interferograms subject to low SNR can 

produce significant errors in the reconstructed spectropolarimetric data. This corroborates the 

results from laboratory tests of the IHIP, in which false polarimetric signatures were detected in 

low SNR regions, as reported in a previous section of this work. As discussed, a noise 

suppression filter can be implemented to reduce the appearance of these false signatures and 

distinguish the reliable spectropolarimetric data from the data produced by low SNR.  
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Fig. 69. Reconstructed Stokes parameters in the presence of noise. In both (a) and (b), a Gaussian 
distribution random number generator introduced noise into the interferogram prior to 
reconstruction. The input Stokes parameters are indicated in the title of each plot.  
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CHAPTER 6: ADDITIONAL NOTES ON TOLERANCING 

To ensure sufficient fringe visibility across the FOV of the IHIP, the optical design presented in 

Chapter 2 included a tolerancing analysis for the Wollaston prisms. This analysis was used to 

provide the appropriate fabrication specifications for the prism elements to the manufacturer. 

While the IHIP’s birefringent interferometer has demonstrated sufficiently high fringe contrast, 

the tradeoff that was accepted to ensure this achievement was relatively tight tolerances on each 

of the birefringent elements, ultimately resulting in significantly increased fabrication costs.  

If these tolerances could be relaxed, a birefringent interferometer could be produced at a 

reduced cost. However, if the prism tolerances are relaxed, high fringe visibility must be 

maintained using other means. This chapter outlines how the introduction of additional 

birefringent elements into an IHIP system could be used to compensate for a decrease in fringe 

visibility due to manufacturing errors. These supplementary components form a variable angle 

Wollaston prism (VWP), which can be used to vary the fringe visibility across the field of view.  

The first section in this chapter details the design of a VWP for inclusion into the IHIP 

system, as well as a discussion of how the VWP is used to vary the PSF separation across the 

FOV. This is followed by experimental results confirming that the VWP elements can be used to 

vary the fringe visibility of the IHIP.  These experimental results are compared to theoretical 

visibility values produced using polarization ray traces from Zemax.  

6.1 Variable Wollaston Prism Design 

As discussed in Chapter 2 and illustrated by Fig. 70, the ideal IHIP model produced in Zemax 

indicates that while the on-axis point spread function (PSF) separation is negligible, the PSF 

separation at full field (θx = 5o) is approximately 1.2 μm, resulting in decreased fringe contrast 

versus when the PSFs are coincident. The actual IHIP will deviate from this ideal model due to 

the variation in the apex angles of the prisms away from the 10 degree specification; however, 

from the tolerancing analysis provided in Chapter 2, it is anticipated that the visibility of the IHIP 

will remain > 0.783 across the FOV for λ = 1.5 µm. Furthermore, the visibility should improve 

for wavelengths larger than 1.5 µm due to the increasing size of the Airy disk.  

However, ensuring such high visibility values across the FOV required that relatively tight 

tolerances were enforced during the fabrication of the Wollaston prisms: each apex angle was 

only allowed to deviate by +/- 0.1 degree from the 10 degree ideal value. Achieving these 
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tolerances resulted in significantly increased fabrication costs and fabrication time. Thus while 

the performance of the IHIP does not demand design modifications to improve the interference 

fringe contrast across the FOV, the instrument offers the opportunity to evaluate how the addition 

of the variable Wollaston prism (VWP) elements affect system performance. If the VWP can be 

used to vary the fringe contrast of the IHIP, similar instruments in the future may be able to take 

advantage of implementing the VWP to compensate for the lower fringe visibility that can result 

from more relaxed fabrication tolerances.  

 

Fig. 70. Spot diagrams for the ideal IHIP model for 5 field points spanning the FOV. 

Using a design originally implemented by Nomarski [47], a variable angle Wollaston prism 

(VWP) can be produced using two plano convex lenses, V1 and V2, as diagrammed in Fig. 71. 

The fast axis of each lens is arranged at +/- 45o, as indicated in the diagram. By displacing both 

lenses an equal amount from the optical axes, a variable angular splitting αv can be introduced 

between the two modes propagating through the crystal, where  

  2 / .v Bt R   (77) 

In Eq. 77, B is the birefringence of the crystal, t is the separation of the centerlines of the VWP 

elements, and R is the radius of curvature of lenses. Thus by introducing a variable angular 

deviation through the displacement of the two lens elements in the VWP, the PSF separation 

produced by the original birefringent interferometer assembly can be altered. The variable 

angular splitting provided by the VWP enables continuous adjustability of the PSF separation. 

Once the optimal VWP displacement is determined, the elements of the VWP can be locked in 

place to maintain the visibility improvement. 
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Fig. 71. Variable angle Wollaston prism design that can be used to improve fringe visibility. 

In order to investigate the effects that the introduction of the VWP will have on IHIP 

interferograms, the VWP assembly is added to the system simulator in Zemax, after the R3 

element, as depicted in Fig. 72. Here the ideal system model is used, and the VWP elements are 

not displaced (t = 0), thereby avoiding the introduction of any additional PSF displacement. 

Sapphire is used for the VWP elements. A radius of curvature of R = 1000 mm and a thickness of 

5 mm were used for both VWP elements. The relatively large radius of curvature, combined with 

the introduction of a small amount of defocus, ensures that aberrations introduced by the VWP 

are relatively minimal. The spot diagrams and MTF curves are depicted in Fig. 73 (a) and (b), 

respectively. The circle in each spot diagram indicates the size of the Airy disk at λ = 1.5 µm.  
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Fig. 72. IHIP model in Zemax, with the VWP placed after R3, as indicated. 
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(a) (b) 

Fig. 73. Spot diagrams (a) and MTF (b) curves for various field angles, with the VWP in place in 
the IHIP.  

Displacing the VWP such that t = 1.5 mm results in the spot diagrams depicted Fig. 74 (a). 

The VWP displacement has shifted the PSFs such that the (θx,θy) = (5o,0o) PSFs are now 

coincident, resulting in improved fringe contrast over this portion of the FOV. Fig. 74 (b) depicts 

the corresponding MTF curves for this VWP displacement, indicating that the introduction of the 

VWP into the IHIP design can offer an opportunity for improved fringe visibility with an 

acceptable loss of image quality.   

 

  
(a) (b) 

Fig. 74.  Results with VWP elements displaced 1.5 mm. (a) Spot diagram at λ = 1.5 µm, indicating 
a PSF separation is introduced on the image plane and maximum coincidence is achieved for θx = 
5o. (b) MTF curves for the various field angles in (a), again assessed at λ = 1.5 µm.  
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Of course, the tradeoff in the example of Fig. 74 is higher separation over the opposite 

portion of the FOV, as illustrated by the on-axis and the (θx, θy) = (-5o,0o) spot diagrams. 

However, the PSF separations present in real instruments with relaxed tolerances will likely 

depart significantly from these simulations. It may be possible, in reality, to use a VWP to 

optimize the performance of birefringent interferometers with significant manufacturing errors by 

minimizing the overall loss of visibility across the FOV. Regardless, the IHIP offers the ability to 

demonstrate the capabilities of a VWP so that future instruments may take better advantage of the 

design flexibility offered by these additional elements.  

A custom optomechanical mounting system for integration of the VWP with the IHIP was 

designed using Autodesk Inventor CAD software. The mount is depicted in Fig. 75 (a), where the 

VWP optical elements are included in the model and artificially colored green. Aluminum 6061 

was used to produce each part. The mount consists of inner mounting rings, which are 

implemented inside an outer assembly. This configuration provides for the lateral displacement of 

the two lenses to produce the desired PSF separation, where the mount incorporates up to +/- 7 

mm of lateral displacement capability for flexibility. Fig. 75 (b) depicts the incorporation of the 

VWP with the complete IHIP system. The custom mounts that were designed and implemented 

previously with the IHIP are shown in black, and the FLIR SC6700 camera is partially visible. 

The VWP is placed at the location of the second polarizer (P2) in the original IHIP configuration. 

The polarizer is now located behind the objective lens, in the camera’s integrated filter wheel 

assembly. 

 

  
(a) (b) 

Fig. 75. VWP layout. (a) 3D CAD schematic of the VWP mounting system. The VWP are 
artificially colored green. (b) VWP incorporated with the IHIP.  
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6.2 Variable Wollaston Prism Experimental Results 

The VWP elements were fabricated out of sapphire using the specifications described. The radii 

of curvature of the two manufactured plano convex lenses are -1002.7 and -997.5 mm, with a 

center thickness for each element of approximately 4.7 mm. The VWP was added to the IHIP 

assembly using the configuration described in the previous section. The variability of the 

visibility available through displacement of the VWP was assessed using the experimental setup 

depicted in Fig. 76. A MWIR helium neon (HeNe) laser emitting at λ = 3.39 µm was used as a 

spectrally coherent source, and was imaged in reflection off of a red clay brick by the IHIP, 

interfaced with the SC6700 camera. Retarders R1 and R2 were removed from the IHIP for this 

study, and thus the instrument operated exclusively as an imaging Fourier transform spectrometer 

(IFTS). 
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Fig. 76. VWP experimental setup. The VWP assembly was added to the IHIP’s imaging FTS. To 
quantify the fringe contrast, a laser was measured in reflection off of a red clay brick as a function 
of VWP displacement, t. 

Interferograms were collected for a number of different VWP displacement values (t) ranging 

from 0.25 to 5 mm. Due to defects in the mounting hardware, t = 0 could not be achieved with the 

current mounting configuration. To quantify the visibility across the FOV, interferogram 

datacube measurements were collected for each VWP displacement at three different locations of 

the laser spot centroid, (θx,θy) = (0,0), and (θx,θy) = (+/-3.5o,0). After the interferogram of the 

laser spot was acquired, the laser was blocked and an interferogram of the brick was acquired to 

provide a background measurement. Both the laser and background data were radiometrically 

calibrated using the two point nonuniformity correction (NUC) technique outlined in section 4.1. 

Five time sequential interferograms were acquired, calibrated, and averaged for each FOV point 
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measured, both for the laser as well as the background data. Following calibration, the 

background interferogram was removed from the laser interferogram, and the visibility was 

calculated using  

  max min

max min

,
I I

V
I I





 (78) 

where Imin and Imax are the minimum and maximum radiance values from the resultant 

interferogram, respectively. The visibility values presented in this section correspond to a spatial 

average of the visibilities recovered at each pixel over a 5-by-5 pixel area from the center of the 

laser spot.  

Additionally, to provide a basis for modifying the ideal Zemax IHIP model to produce a more 

realistic system model, the VWP elements were removed from the experimental setup and the 

visibility was measured using the technique described above at the three field points with the 

IHIP’s original IFTS implementation exclusively. Using MZDDE to perform polarization 

raytraces [45], the ideal Zemax system model was modified by independently varying the apex 

angles of the prisms by +/- 0.1o degrees in 0.02o increments, and the visibility at the three field 

points was calculated for each apex angle configuration using the PSF integration technique 

outlined in section 2.3.1. These calculated visibility values were then compared to the 

experimental data, and the configuration with the best fit to the experimental data was used to 

produce the modified system model. The Wollaston prism apex angles which produced this best 

fit theoretical model were 10.0o and 9.9o for W1, and 10.1o and 9.9o for W2. Next, to provide a 

comparison to the experimentally measured values, the VWP elements were then added to the 

modified Zemax model (as depicted in Fig. 72) and used to determine theoretical values for the 

fringe visibility as a function of t. 

Fig. 77 depicts the experimentally measured visibility results for the three field points as a 

function of VWP displacement. The error bars at each data point indicate the standard deviation 

of the measured visibility values over the 5-by-5 pixel average. The theoretical visibility results 

for the three field points, resulting from polarization raytraces using the modified Zemax model 

of the IHIP with the VWPs included and displaced, are superimposed. To provide improved 

correspondence to the visibility values experimentally measured, each of the theoretical visibility 

curves has been shifted by a constant offset value ΔV, where ΔV = -0.095, -0.105, and -0.079 for 

the θx = +3.5o, 0o, and -3.5o field points, respectively.  
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Fig. 77. Experimental results from the VWP test. The fringe contrast was experimentally measured 
at three field points as a function of VWP displacement, t. Superimposed on the plot are the 
theoretical visibility values based on a Zemax model of the system.  

Including the above-described offset shift in the modeled data, quantitative analysis of the 

three curves indicates <1% rms error between the experimentally measured data and the 

theoretical visibility values presented by the modified system model. For the +3.5 and -3.5 field 

points, the rms error is given 0.55% and 0.69%, respectively, and is given by 0.89% for the on-

axis data, indicating that the experimental results are in correspondence to the system model.   

The offset differences between the measured and theoretical visibility values discussed above 

can be attributed to several sources. First, any misalignment in the polarizer elements was not 

accounted for in the Zemax model for the system. If the polarizer elements are misaligned from 

their ideal horizontal positions by 2o, the fringe visibility will be reduced by approximately 3.8%. 

Additionally, any residual detector offset that is not properly removed by the radiometric 

calibration, or likewise any remaining background radiance not accounted for by the background 

measurement, will also produce a reduction in the experimentally measured visibility versus 

theoretically anticipated visibility values. For example, if a background or offset equal to 5% of 

the mean laser radiance remains in the data after calibration and background removal, this will 

result in a reduction in the measured visibility values by approximately 4-5% versus the actual 

visibility offered by the instrument. Combined with polarizer misalignment, and the finite 

extinction ratio of the polarizers, these effects are anticipated to account for the majority of the 

offset discrepancy in the visibility values for the experimental data versus the theoretically 

calculated values.  
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Regardless, these results suggest that a VWP system can be used to vary the visibility of a 

birefringent interferometer in a controlled and predictable manner. The implementation of a VWP 

therefore provides the opportunity to compensate for decreased visibility effects that are the result 

of manufacturing errors in fabricated Wollaston prism elements. By allowing for flexible PSF 

separation, and thereby adjustable fringe contrast variability, the VWP may offer a solution for 

future instruments that would offer an alternative to the cost and time demands of fabricating the 

birefringent elements to meet stringent tolerances.   
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CHAPTER 7: CLOSING REMARKS 

This dissertation presented a novel infrared hyperspectral imaging polarimeter (IHIP) that 

acquires SWIR and MWIR spectropolarimetric data across a +/-5o field of view (FOV). The IHIP 

is compact and field portable, with decreased susceptibility to vibration error versus unequal path 

interferometers. Data collection implements an crosstalk artifact reduction technique (ART) to 

suppress S0 artifacts produced by sharp spectral features (such as atomic emission lines) in the 

reconstruction of S1, S2, and S3, in addition to providing higher resolution S0 reconstructions. 

These results indicate that the IHIP is capable of providing reliable spectropolarimetric data 

across the passband and the FOV of the sensor, with analyses of the systematic error sources 

present indicating that the system is limited to approximately a 1-4% accuracy in each measured 

Stokes parameter. Though this slightly larger than is typically desired, the sensitivity of the IHIP 

is likely sufficient for the outlined remote sensing applications. Furthermore, errors could be 

reduced if necessary through improved alignment of the optical elements. Transmission spectra 

acquired in the laboratory demonstrated agreement with data acquired with a commercial Fourier 

transform spectrometer. Spectropolarimetric emission data acquired in the laboratory also 

exhibited correspondence to both theory and previously published emission polarization results. 

Additionally, the system was tested outdoors, demonstrating the sensor’s ability to acquire 

spectropolarimetric signatures across the SWIR and MWIR. Finally, a variable angle Wollaston 

prism (VWP) was integrated with the IHIP and the capability of these additional elements for 

varying the fringe contrast across the FOV was explored in the laboratory. 

The primary limitation of the IHIP technology is the scanning nature of data acquisition, with 

the instrument requiring at least four seconds to acquire a complete dataset across the FOV, eight 

seconds if ART is applied. This restricts the applications of the sensor to primarily static targets, 

although a camera with a faster frame rate could significantly reduce this limitation (a 1 kHz 

frame rate camera, for example, would allow for complete interferogram datacube collection in as 

little at 0.5 sec). Furthermore, if measurement of S3 is not necessary or of interest, which is often 

the case in remote sensing, it may be advantageous for future instruments to include a single CSP 

channel that modulates both S1 and S2, thereby providing a complete linear spectropolarimeter 

with increased signal and spectral resolution for each measured Stokes parameter. Additionally, 

as seen in the presented results, channeled spectropolarimetry data products are often affected by 
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the spectral features of both the sample and reference measurement; this limits the usefulness of 

the CSP technique in spectral regions of high atmospheric absorption. 

Regardless of these limitations, the results in this dissertation clearly outline the utility of the 

IHIP, and demonstrate the first field portable infrared imaging Fourier transform 

spectropolarimeter sensor. Future work on the IHIP system will include assembly adjustments to 

reduce high order reflection effects and improve reconstruction accuracy, as well as additional 

outdoor testing of the instrument.  
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