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ABSTRACT 

The subject of this dissertation is the implementation of Computed 

Tomographic Imaging Channeled Spectropolarimetry (CTICS) in the design and 

analysis of a short wave infrared (SWIR) system with a 54X46 spatial resolution 

and 70 band spectral resolution from 1.25-1.99 fxm for the purpose of object 

identification and classification. It is the first of its kind to provide imaging 

spectropolarimetry with no moving parts and snapshot capability. This 

spectropolarimeter has applications in many fields, such as mining, military 

reconnaissance, biomedical imaging, and astronomy. First, motivations are 

provided for building this unique imaging spectropolarimeter by discussing the 

current applications of such systems, the drawbacks of previous designs, and a 

review of some the current systems being used. A review of basic concepts on 

imaging systems, linear algebra, and polarimetry is given as an introduction into 

the technical details of the design of the system that follow. First, designing the 

Computed Tomography Imaging Spectrometer (CTIS) and then the channeled 

spectropolarimetry components. The fusion of these two techniques create the 

CTICS. An assembled version of the SWIR CTIS is calibrated and 

reconstructions of various objects demonstrate the capabilities of this portion of 

the system. The polarimetry components are added and a discussion follows on 

the method used to extract the new data. Two systems, a polarization state 

generator (PSG) and rotating retarder fixed analyzer (RRFA) system are built to 
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verify the CTICS accuracy. The final assembled system is presented and testing 

results are shown. Error analysis on various sources of noise is done. To 

conclude, a novel sub-Nyquist sampling technique is demonstrated and future 

work is suggested on a reconstruction technique that will streamline the post

processing of the images. 
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CHAPTER 1: INTRODUCTION 

There are a variety of different types of information that can be extracted 

from a scene. These include spatial information captured by cameras, spectral 

information retrieved by spectrometers, and polarization state retrieved by 

polarimeters. Each one of these instruments represents a different way of 

identifying objects in a scene being viewed. The combination of all these 

techniques is known as imaging spectropolarimetry. In many fields, such as 

mining, military reconnaissance, and biomedical imaging, there is a need for 

rapid data acquisition and, for this reason, a relatively new method has been 

devised called computed tomography imaging channeled spectropolarimetry 

(CTICS). It facilitates snapshot acquisition of data without moving parts. The 

topic of this dissertation is the implementation of this new technique in the design 

and analysis of a short wave infrared (SWIR) system for the purpose of object 

identification. The interest in SWIR spectrometry and polarimetry systems stems 

from the work already being done by the military in target recognition and the 

mining industries interest in mineral characterization from unique signatures in 

this spectrum. The goal of this dissertation is to present the process and design 

issues that were faced in building a short wave infrared CTICS system. The 

accuracy of the final product is studied and further research is then presented on 

ways to advance this technique by decreasing the amount of bandwidth 

necessary and looking at a new reconstruction technique which will lead to faster 



14 

post-processing of images. Tlie end result is a snapshot imaging 

spectropolarimeter with 54 X 46 spatial resolution and 10 band spectral 

resolution. 
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CHAPTER 2: TECHNIQUE 

2.1 Methodology 

The instrument will operate through the fusion of two techniques: 

channeled spectropolarimetry'" and computed tomography imaging 

spectrometry. Accordingly, it is referred to hereafter as a computed 

tomography imaging channeled spectropolarimeter (CTICS). The computed 

tomography imaging spectrometer (CTIS) is a snapshot imaging spectrometer. 

CTIS obtains spatial and spectral data simultaneously by imaging through a 

computer-generated holographic disperser and carrying out a reconstruction 

using principles similar to the mathematics of limited-angle tomography. 

Channeled spectropolarimetry uses a combination of two thick retarders and a 

linear polarizer to encode polarization information on the irradiance spectrum 

recorded by the spectrometer. If used in combination with the channeled 

spectropolarimetry technique, the snapshot imaging spectrometer acquires 

polarimetric capability.'^ The data an imaging spectropolarimeter acquires can 

be interpreted as an image of a four-dimensional volume, since a measure of 

radiance is obtained for four independent variables or indices: two spatial 

variables (x, y), wavenumber (o), and the Stokes vector index (/)• It should be 

noted however that the Stokes vector index has only four possible values (the 

integers from 0 to 3), whereas the x, y, and cr dimensions will each be segmented 
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into a greater number of intervals. This four-dimensional volume is referred to as 

the spectropolarimetric hypercube, and illustrate it in Figure 1. 

S a { x , y , ( J )  

S^{x,y,a) 

S 2 ( x , y , ( J )  

S}(x,y,<y) 

Figure 1: An illustration of the four-dimensional (x, y, a, j) nature of the data acquired by 
an imaging spectropolarimeter. 

2.2 Usefulness of Polarization Detection 

With the vision of expanding the capabilities of CTIS's snapshot imaging 

spectrometry to snapshot imaging spectropolarimetry, the enhancements this 

brings to detection should be investigated. One such advantage is the ability to 

defeat spectral camouflage. Previous research has shown manmade objects are 

sources of emitted and reflected polarization while natural background are 

predominantly unpolarized. This can be used to reduce signal clutter, as was 

shown in the detection of surface scattered mines." Even when the target is not 

spectrally camouflaged, polarization is used to improve target contrast. Satellites 

tracking ships on the open ocean improve detection by using the fairly 

homogeneous polarization backscatter of the water contrasted to the backscatter 
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of complex structured ships and ship wake.^' IVIaterial characteristics are also 

highlighted by polarization and are used to the advantage of airplane pilots to 

avoid icing conditions. Normally pilots rely on airplanes ahead of them on their 

flight path for information on icing conditions. Through the use of polarization 

sensitive radar equipment, patches of dangerous super-cooled droplets and 

harmless ice crystals in the atmosphere can be distinguished and potential 

danger minimized by having pilots avoid it.^" Astronomy is possibly the most 

prevalent application of polarization because telescopes around the globe used it 

to determine the structure of various types of nebulae and galaxy.^'" This ability 

to detect structure has even been applied to biomedical imaging. Studies have 

been done to find cancerous cells using polarization.'* Even Mother Nature has 

made use of polarization. The ability of bees and certain fishes to use 

polarization to extract information on the location of food and prey has been well 

documented.'' Most of the above are also examples of dynamically changing 

scenes requiring near instantaneous image capture. With so many examples of 

improved target detection by reducing clutter, improving contrast, and 

highlighting material and structure features, the addition of snapshot polarimetry 

to snapshot imaging spectrometry seems a natural step forward in the 

technology. 
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CHAPTER 3: CURRENT TECHNOLOGY 

3.1 standard techniques 

Conventional spectropolarimeters generally have an inability to image all 

four dimensions of the hypercube at once. Their sensitivity is limited to a one, 

two, or three-dimensional subset of the volume, and are required to scan out the 

remaining dimensions in some manner. For example, a camera with a narrow

band filter could be used to obtain a single x,y-slice through the hypercube. In 

this slice, x and y vary while cr is fixed at the wavenumber passed by the filter 

and j is held at zero. The entire four dimensions could be swept out by swapping 

in filters with different transmission wavelengths and sets of polarizers and 

retarders, using two independent filter wheels in front of the camera. Similar 

techniques can be used for other systems, such as slit spectrometers and whisk 

broom scanners (see Figure 2). 
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Whisk-
broom , 
Scaprfer 

Slit 
Spectrometer 

Figure 2: The lower-dimensional volumes which various spectrometer types are capable 
of imaging without scanning. Such spectrometers could be used with scanning to obtain 

spectral and spatial data on the So polarization component, with additional measures 
(e.g. swapping of polarizers and retarders) necessary to obtain complete polarimetric 

data. 

Two drawbacks of systems that require scanning are immediately 

apparent. First, moving parts (such as rotating filter wheels and dithering 

mirrors) are generally employed, and these are undesirable from the standpoint 

of reliability and spatial co-registration. Second, a relatively long time is required 

for the capture of a complete data set, since multiple exposures are made 

sequentially in time. Changes in the target scene during the scanning manifest 

themselves as artifacts in the results. Scanning systems thus have limited ability 

to acquire data on rapidly changing scenes, such as moving targets or targets 

viewed from moving platforms. A brute force method for avoiding scanning is to 

use several separate systems viewing the same scene in parallel, possibly with 

beam splitters to direct light to each. Such systems tend to be expensive, 

however, since multiple focal plane arrays (FPAs) and a considerable amount of 
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optics are generally necessary. Furthermore, registration of the images from the 

separate systems is problematic. 

3.2 Imaging Spectropolarimeters 

In order to gain perspective on how the SWIR CTICS will further the 

technology of imaging spectropolarimeters, this section reviews some of the most 

prominent systems currently being used. From the investigation of employment 

of polarization detection, it was found that the most prevalent use came in the 

field of astronomy. Therefore, it is not surprising that most imaging 

spectropolarimetry systems are built for astronomical studies. There are many 

telescopes with the ability to detect polarization. One such telescope is the 

Andalucia Faint Object Spectrograph and Camera (ALFOSC) built at the 

Astronomical Observatory at the Niels Bohr Institute for Astronomy, Physics and 

Geophysics (NBIfAFG) in Granada, Spain. Linear imaging polarimetry is 

obtained using two calcite plates mounted in the aperture wheel of the telescope 

oriented at 0° and 45°.*' Each calcite plate provides the simultaneous 

measurement of the ordinary and extraordinary components of the two 

orthogonally polarized beams. Thus, in one image, the 0° and 90° components 

are measured and in another image the 45° and 135° components are imaged. 

For circular polarimetry, a % waveplate at 45° is mounted on top of the 0° or 90° 

calcite plate. In this way all polarization components can be measured. The 

measurements are cumbersome though because switching between circular and 
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linear polarization mode requires that the % waveplate be removed/installed and 

aligned. Therefore only one mode can be done at a time. Researchers at the 

University of Wisconsin developed the Wide-field Imaging Survey Polarimeter 

(WISP). This sub-orbital rocket-borne device acquires wide field polarimetric 

images, and uses two broadband filters centered at 164 and 218 nm."" Thus the 

device has good imaging capabilities, but it integrates the polarization response 

over two wide wavelength regions. WISP measures planar structures within 

each of the four Stokes cubes, much like a filtered camera. One of the most 

similar imaging spectropolarimeters to date is the Computed Tomography 

Imaging Spectropolarimeter built by Brian Miles at the University of Arizona. This 

system used the snapshot capability of CTIS with an aperture wheel of several 

different polarization components to map out all four Stokes cubes."'" CTISP's 

only drawback is the need for four images to map out all dimensions thus losing 

the complete snapshot capability. One of the most recent systems built is the 

variable-retardance, Fourier transform imaging spectropolarimeter (VRFTSP) for 

visible spectrum remote sensing assembled and tested by J. Scott Tyo and 

Theodore S. Turner, Jr. at the U.S. Air Force Research Laboratory, Space 

Vehicles Directorate in Kirtland Air Force Base, New Mexico.*'^ The device 

consists of a spatially modulated Fourier-transform interferometer in front of 

which are placed two voltage-controlled variable liquid-crystal retarders and a 

linear polarizer. This setup gives the ability to obtain one spatial dimension and 

spectral dimension simultaneously and then obtains the polarimetric and second 
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spatial dimension by scanning and taking multiple images. The results are 

impressive, but the drawback again is the loss of snapshot capability. With this 

review of current systems it is clear progress has been made in the field of 

imaging spectropolarimeters, but until now they have not acquired snapshot 

capability and this is the breakthrough technology the CTICS system has to offer. 
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CHAPTER 4: BACKGROUND 

4.1 Imaging systems 

Before the details of the design of the imaging spectropolarimetry system 

are described, it seems prudent to review certain universally applicable 

techniques of linear algebra that will be used time and again in discussing the 

image formation and reconstructions that ultimately make all this possible. This 

will be a somewhat cursory investigation into imaging systems following the 

methods described by Barrett and Myers that will be elaborated on in later 

chapters as it is applied to our particular system. There are many different kinds 

of imaging systems and there are many ways to classify them, in this case 

discussion will be limited to indirect imaging systems of a continuous-to-discrete 

nature. These are systems that require some sort of post-processing or 

reconstruction technique to glean any useful information about the object being 

viewed. Carefully selected mathematical models will be used to represent the 

object, system, and image. The objects being imaged are continuous functions 

of several different variables, namely x,y,A,, and S . They are being mapped to a 

discrete space created by the finite size and extent of the pixels on our FPA. 

Both the continuous object and discrete image will be regarded as vectors in an 

infinite-dimensional Hilbert space and an N-dimensional space respectively. 

Following standard conventions set forth by predecessors, the object resides in 

object space, denoted by U, and the image resides in image space, denoted by 
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V. What will be attempted is to use the image vector and some knowledge about 

the system to reconstruct a discrete representation of the object. While a finite, 

discrete representation is at best an approximation to the real world, it is hoped 

that much useful information about the object can still be obtained. 

4.2 Linear Operators 

Imaging can be thought of as a mapping of object to Image space such 

that a vector f maps to one and only one vector g by a mapping operator or 

system matrix, H. This operation is describe in (4.2.1). 

g =  H f  (4.2.1) 

The mapping operator is not necessarily linear as there may be components in 

the system that have some non-linear effect, but for a first order approach, we 

will assume linearity. Shift-invariance will also be assumed in our system, an 

issue that has been researched and found to be a good estimate.'" Noise is also 

an important factor in any image system and we can Include this in our model by 

modifying our previous equation to: 

g  =  H f  +  n  (4.2.2) 

So far only the forward problem has been dealt with and attention now 

turns to solving the problem most applicable to our system, which is the inverse. 

From the image, how do we know what object created it? This is often more 

complex, because the mapping is no longer one-to-one. There is usually more 

than one object that could have created an image. What is attempted is to find 
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the object that most likely produced the image. Reconstruction is what a large 

part of the dissertation will be devoted to, not only in the SWIR CTICS, but in two 

separate non-imaging spectropolarimeters as well. 

4.3 Singular Value Decomposition 

One method for solving this inverse problem is by using a technique 

known as singular value decomposition (SVD). This allows the system to be 

decomposed into a weighted sum of projection operators. These projection 

operators can then be rearranged to form the adjoint, which projects back into 

the object space. First, a new operator (H'H) is defined and it's eigenvalue 

equation is written as 

Since H'H is Hermitian (regardless of whether H is or not) and assumed compact, 

the set {Un} can be taken as a complete, orthonormal basis in U. With this 

solved, some insight can also be gained from the operator HH' by operating on 

Equation (4.3.1) with H on both sides. 

So, Hun is an eigenvector of HH' and a new set of eigenvectors can be described 

as 

(4.3.1) 

(4.3.2) 

(4.3.3) 
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The set {Un.Vn.^in} is called the singular system of H and can represent both H and 

H' as 

In many mathematical programs, prepackaged routines are available to 

determine the singular set. Another application of the singular set is found in 

creating the Moore-Penrose pseudoinverse. This is a generalized inverse for 

matrices that do not fall in the category to have a true inverse and is defined as 

(4.3.5) 

Using the Moore-Penrose pseudoinverse, a least-squares estimate of the object 

is 

f = H'g (4.3.6) 

This will be used on the smaller system matrices of the non-imaging 

spectropolarimeters. A different method of inverting will be described for the 

SWIR CTICS, whose system matrix is too large for current workstations to invert 

directly. 
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4.4 Wavelength and Wavenumber 

In an attempt to avoid confusing the reader, the relationship between 

wavelength and wavenumber will also be introduced because in later sections 

notation jumps back and forth seemingly at will. For reasons that will become 

apparent later, this is indeed done to provide the information in a format most 

convenient for processing to point out features of interest. While the relationship 

is seemingly straightforward as shown by Equation (4.4.1), its use becomes more 

complex when applied to functions. 

a = - (4.4.1) 
A 

A function of wavelength, f(X), can be rewritten as a function of wavenumber 

simply using the above noted conversion, f(1/a). This is not true of power 

distributions such as the ones that we will be reconstructing. In this case, the 

relationship can be written as 

f i X ) \ d X \  =  f i a ) \ d a \  (4.4.2) 

Since most spectrometers give a function of wavelength that we would like to 

convert to wavenumber, solving for f(a) by differentiating (4.4.2) the relationship 

becomes 

f ( a )  =  X ' f ( X )  (4.4.3) 

So the complexity of converting between distributions becomes a matter of 

multiplying by a coefficient proportional to the wavelength squared, a simple but 



28 

easily overlooked detail. In subsequent references throughout this paper, the 

change between variables will be made with the understanding that this 

conversion was used. 

4.5 Mueller matrices 

Polarization has several formats in which it can be represented. In this 

section and throughout the paper, the Stokes vector representation for the 

polarization of light and Mueller matrices for polarization components will be 

used. The advantage of this convention over Jones matrices is the ability to 

easily represent partially polarized light, a frequent occurrence in nature, which is 

the primary target of this system. The polarization elements used are polarizers 

and retarders rotated in a coordinate system in which 0° is a plane horizontal to 

the surface of the laboratory table and spin is measured in a right-handed fashion 

about the direction of light propagation. Whenever possible, a shorthand 

notation is used to describe both the rotated polarizer Mueller matrix, LP[0], and 

the rotated retarder matrix, LR[5,0]. The rotation matrix was included by using 

the definition: 

L R [ 6 , e ]  = (4.5.1) 

For further insight into polarization convention, the reader is directed to Marathay 

or Chipman'^'''^". 
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CHAPTER 5: SYSTEM OVERVIEW 

5.1 Short Wave Infrared CTIS Design 

The computed tomography imaging spectrometer (CTIS) is a snapshot 

imaging spectrometer previously developed by Volin, Descour, and 

Dereniak*^'"'*'*. CTIS obtains spatial and spectral data simultaneously by imaging 

through a computer-generated holographic disperser and carrying out a 

reconstruction using the mathematics of limited-angle tomography. 

The basic layout of the CTIS architecture is shown in Figure 3. The 

objective lens forms an image of the scene under study in the field stop. This 

defines the instrument's field of view. The light from this image is then 

collimated, passed through a computer-generated holographic disperser (CGH), 

and imaged onto a camera's FPA. The image from each wavelength present in 

the scene is dispersed into a grid of diffraction orders on the focal plane array, 

with the separation between orders increasing with wavelength. 

Figure 3: The CTIS Layout. 
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Imaging spectrometers gather data over a three-dimensional (x, y, and <T or X )  

volume, sometimes referred to as the data cube. The data cube is a subset of 

the four-dimensional hypercube discussed earlier. The effect of the dispersion of 

the CGH can be viewed as generating projections from various angles through 

the data cube onto the FPA, as illustrated in Figure 4. An estimate of the data 

cube is reconstructed from these projections by computed tomography. The 

reconstruction is quite computationally intensive and is carried out on a high-

performance computer workstation. The spatial and spectral resolution achieved 

is constrained in part by the number of pixels in the focal plane array. As one 

would expect, increasing the number of pixels allows finer sampling of the spatial 

and spectral content of the image and therefore better spatial and spectral 

resolution. 

Figure 4: The dispersion of the CGH causes the separation of diffraction orders to 
increase with wavelength, resulting in several projections of the data cube onto the 

FPA. 
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The SWIR CTICS system was first designed with only CTIS components 

around an 801 X 512 pixel PtSi focal plane array with a holographic disperser for 

the 1.25 - 2.08 pm region of the spectrum. Objective lens, field stop, collimating 

lens, and re-imaging lens focal lengths were all selected to maximize dispersion, 

minimize order overlap, and use commercially available achromatized lenses. 

The first order layout is shown in Figure 5. 

75 mm Objective 300 mm 
Collimator 

U 

50 mm 
Re-imaging lens 

/ 

801X512FPA 

5 X 5  m m  F i e l d  S t o p  

Disperser 

Figure 5: Short wave infrared CTICS layout 

The BaFl plano-convex 300 mm collimating lens is not achromatized, but using a lens 

design program the spot size over the wavelength region of interest was found acceptable. 

Using first order calculations, this design gave an approximate 80 bands of 10 nm 

resolution and a 54 X 46 spatial resolution in a system with a +/- 3° FOV. 

5.2 Holographic disperser design and manufacturing 

The grating is designed with the intention of dispersing light uniformly into 

each order. Previous design work had already been done to create a grating 

with similar characteristics in the mid-wave infrared and this design was scaled 
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down to perform between 1.25 and 2.08 |jm. A first attempt at etching a grating 

was done by IVIarshall Space Flight Center on a Si02 substrate. Tests revealed 

that the grating was of poor quality, dispersing only a small fraction of the light 

into higher orders. Most likely this was caused by the large depth of the cells 

compared to the small width. Ultimately, the grating used in the system was 

manufactured by Sandia National Laboratories on a GaAs substrate. This 

substrate, while having the limitation of approximately 50% transmission in the 

short-wave infrared, has a high index of refraction that keeps the etch depth 

within lithography tolerances for the cell width necessary. An interferogram taken 

on a WYKO NT 2000, displayed in Figure 6, shows the repeated grating pattern 

etched on the substrate. 

Figure 6: GaAs 1.25-2.08 grating 
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As stated earlier, the most important consideration in the design of a 

grating for CTIS purposes is to have equal intensity in each order over the 

spectrum of interest (in this case, the short wave infrared) when a flat spectrum is 

input. This is to reduce the chance that any pixels will be saturated while others 

are under illuminated. A quick test was performed on the holographic disperser 

when it first arrived to get a rough estimate of the efficiency compared to the 

theory and they were in fairly good agreement with each other. 

5.3 Channeled Spectropolarimetry 

if used in combination with the channeled spectropolarimetry technique, 

the snapshot imaging spectrometer acquires polarimetric capability. Figure 7 

illustrates the basic operation of a channeled spectropolarimeter'. The incident 

radiation is described by a four-element Stokes vector spectrum 5(cr), which 

describes the irradiance and polarization over wavenumber. The radiation 

passes through two thick (high order) retarders and a polarizer, and the 

irradiance spectrum of the exiting light is recorded by a spectrometer. The fast 

axis of the first retarder is aligned with the transmission axis of the polarizer, and 

the second retarder is oriented with its fast axis at 45° to the polarizer's axis. The 

recorded spectrum is a linear superposition of the Stokes component spectra of 

the incident light, in which the coefficients are sinusoidal terms depending on the 

retardances of the retarders. Since each retardance is nominally proportional to 

wave number cr, the Stokes component spectra are modulated. With proper 
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choice of modulation frequencies { i .e. proper choice of retarder thicknesses and 

materials) the Stokes component spectra can be separated in the Fourier 

domain. This technique is analogous to sideband modulation in radio 

communications. 

retarders 

1 polarizer 

Fourier 
transform spectrometer 

measured spectrum FT of spectrum 

a=llX 
Figure 7: The channeled spectropolarimeter. The complicated spectrum recorded 
at the output of the polarization optics is formed by a superposition of the Stokes 

component spectra after modulation. With proper choice of modulation frequencies, 
the Stokes components can be isolated in the Fourier domain. 

By multiplying out the Mueller matrices representing the retarders and polarizer, 

it is possible to express the modulation of the Stokes components as 

= (5.3.1) 



35 

Here E(a) represents the irradiance spectrum at the spectrometer, and following 

Oka', a simple transformation of the Stokes components has been carried out as 

in (5.3.2). 

Table 1 enumerates the amplitude ajk and modulation frequency hjk for each term. The 

frequencies are determined by the difference in optical path length (OPD) experienced by 

rays polarized along the slow axis of each retarder relative to that of the fast axis. di and 

d2 represent the thicknesses of the front and rear retarders respectively, and Ani and An2 

are the corresponding index differences for the retarder materials used. The effects of 

dispersion will be discussed later. It should be noted that the modulation frequencies 

have units of length in this context. 

S\{a) = S,{a) 
S\{a) = S,{a)-iS,{a) 
S\(a) = S,ia) + iS,(a)^[S\(a)] 

(5.3.2) 

Table 1: The frequencies and amplitudes of modulation in a channeled 
spectropolarimeter. 

Polarization Modulation Amplitude 
component frequency h a 

di Ani - d2 An2 

di Aril + d2 '^^2 

-di Ani - d2 An2 

-di Ani + d2 Anz 

0 

-d2 Anz 

d2 An2 

X 
2 

4  
1_ 
4  
1 
8 

1 
8 
1 
8 
1 
8 
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The modulation frequencies are controlled by the choice of retarder 

thicknesses and materials. If di Ani is chosen to be two times as great as da An2, 

the modulation frequencies are arranged at equally spaced intervals as illustrated 

in Table 1. Let s denote the frequency variable that is conjugate to wavenumber 

a under the Fourier transform. If a 1:2 ratio of retarder thicknesses is chosen, an 

s-bandwidth of daAna is available to each Sj's polarization component. The 

spectrum registered by the spectrometer will have a bandwidth of 7 daAna with 

this s-bandwidth allotted to each channel. Thus the specification of the retarders 

is dictated by the system requirements for the resolution of each spectral stokes 

component, and the resulting total s-bandwidth determines the spectral 

resolution required of the spectrometer. While all the information is located in the 

spectrum, the separation of each component is not trivial and much time and 

effort has been devoted to this topic. There are two techniques outlined in this 

dissertation: (1) to reconstruct the spectrum first and then mask and shift each 

lobe in the Fourier domain to DC and inverse Fourier transform and (2) to create 

a mapping operator that describes both the spectrometer and channeled 

spectropolarimetry as a cascaded system. 

5.4 Fusion of Techniques 

The complete CTICS system is obtained through the combination of the 

channeled spectropolarimeter and CTIS systems, as illustrated in Figure 8. 
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Figure 8: Optical layout of the CTICS. 

The polarization components are placed in collimated space with the disperser. 

Angular dependence in retardances, which is addressed in error analysis in 

Chapter 11, may require pixel-by-pixel calibration of the system's polarization 

properties. 
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CHAPTER 6: RETARDER CHARACTERIZATION 

As alluded to earlier, the extraction of each polarization component from 

the modulated spectrum is not trivial. The process can be eased by choosing the 

material used to make the thick retarders for certain characteristics that prove 

advantageous in reconstruction. The basic function of the thick retarders has 

been outlined in the previous chapter, but an important detail was glossed over 

for simplicity. Wavenumber-dependent dispersion in the retarder materials may 

cause the modulation terms of equation (5.3.1) to cease to be strictly sinusoidal. 

As a result the basic reconstruction technique of masking each component in the 

Fourier domain, shifting it to zero frequency, and inverse Fourier transforming 

may be insufficient to retrieve the spectral Stokes vector unless a way is found to 

take this into account in the reconstructions. As an example, consider the 

requirements of the system for the short-wave infrared spectrum, spanning a a-

band of .48-.83 |xm \ with 10 samples for each Stokes component across the 

spectrum. The Nyquist condition indicates that an s-bandwidth of cjaAna ~ 31 |i,m 

is in order. The effects of dispersion can be quantified in terms of the variation in 

local modulation frequency, calculated as 

Kcal=-t(^ (6.1.1) 

The perfect delta functions that ideally carry the polarization information are now 

of finite width. If the material's index of refraction spread is large over the 

wavelength of interest, the information will begin to overlap and reconstruction 
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becomes far more complex. This can be avoided with careful choice of material. 

First, material choices were narrowed to those with >90% transmission in the 1-2 

urn wavelength region. Then, a plot was made of the derivative of the retardance 

for these materials, called the local frequency, and compared. When none of the 

materials exhibited constant index difference, combinations of materials were 

used to try to negate each other's dispersion. As shown in Figure 9, dispersion 

in a sapphire retarder designed for 31 |im nominal OPD would have a variation of 

about .2 [xm or .6% in modulation frequency across the spectrum. Figure 9 also 

shows the improved performance that can be achieved through the use of 

several materials to achromatize the retarder. The total thickness of such 

combinations tends to be somewhat cumbersome, however. Dispersion data for 

these curves were taken from Ref. xx. 

h local 

3 1 . 7 5  

32 .2^5 
\ 

3 2  

Sapphire 

Calcite 

LiNb03 - Calcite 

LiNb03- Sapphire-Calcite 
3 1 . 5  

3 1 . 2 5  

3 0 . 7 5  

3 0 . 5  

Figure 9: Wavenumber dependent index of refraction of different materials 
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Although combinations of three or more materials yielded more stable local 

frequencies, the time and money required to build these retarders was 

prohibitive. Sapphire showed the best single material characteristics and gave a 

spread of local frequencies that did not overlap for the SWIR system's 

specifications. The question remained whether the polarization information could 

still be retrieved with imperfect carrier waves. Looking at one component of the 

modulated spectrum in (5.3.1) at a time, this was solved by using the property 

below: 

= SJ(T) (6.1.2) 

If the variance in index of refraction for the retarders is known, multiplying by the 

identical frequency after the spectrum has been retrieved by the spectrometer 

automatically brings out the carried information in the DC term. The spectral 

dependence of frequency is not an issue. This can then be inverse Fourier 

transformed to yield the polarization information in the SWIR system. 

With the spectral resolution of the system estimated at 80 bands and the 

material type chosen, work began on determining the optimal thicknesses of the 

retarders. This was done by simulating the function of the retarders in the 

system using Mueller matrices. A single point channeled spectropolarimeter 

system is modeled in Mathematica with the FPA assumed polarization 

insensitive. By taking the Fourier transform of the output, the spacing of the 

carrier frequencies is seen. The optimal configuration has them spaced an equal 
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distance apart across the entire bandwidth. The bandwidth of the system is 

determined by the width of the spectrum and the sampling frequency. 

s bandwidth = ^ sample^ _ ^ ^ ^ ^ _ 25Q (6.1.3) 

1 X 
V max min J 

2.08 1.25 

With a 2:1 ratio of retarder thicknesses, there is no unused space in the 

spectrum and there are 7 lobes to spread over the spectrum. So, the center of 

each carrier is approximately 31 |im"^ apart. Using the formula for dispersion and 

solving for t, this gave a sapphire retarder thickness of approximately 4 mm and 

8 mm. This method still requires highly accurate knowledge of the 6 of each thick 

retarder. After receiving the manufactured retarders, the feasibility of 

characterizing the retarders was tested and results are shown below. The 

retarders were placed in a FT spectrometer and the data given by this is a 

Mueller matrix at small increments of wavelength over the desired wavelength 

region of 1.25-2.08 |a.m. The data is then fitted to a Mueller matrix for a 

combination of a linear retarder and rotation to find 6 and 0. A sample Mueller 

matrix for fitting data from the 4 mm thick retarder at 1.25 ^im is shown in 

Equation (6.1.4). 
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1 0  0  0  1 0  0  0  
0 0.821 0.211 -0.595 0 CbsmSKMl-Casm -iS«(6)S&i(20) 
0 0.218 0.795 0.620 0 QxiS)Cbs'(^+Sir^(20) Cbsi20)SHS) 
0 0.594 -0.629 
\ 

0514 0 
\ 

Si]iS)Sirti20) -Cbs(20)Sir0) Cbs(6) 
=(160,135) 

(6.1.4) 

This was then compared to the Sellmeier formula for sapphire. The retardance 

of the manufactured retarders closely follows the desired as shown in Figure 10. 

8 inm thick sapphire retard^ 
4^ 
350 

300 

250 

0.6 OTT OTS oTg 

Figure 10: Experimental and theoretical retardance calculations for 4 and 8 mm thick 
sapphire retarders 

As was discussed previously, this information is vital to approximating the 

modulation frequencies correctly and extracting the polarization information from 

spectral reconstructions. 

4 mm thick sapphire reta^der 
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- Theor«Cical 
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CHAPTER 7: ASSEMBLED SYSTEMS 

7.1 SWIRCTIS 

Assembling a SWIR CTIS is already a huge advancement in the available 

short wave infrared detection systems. It is the first short wave infrared 

spectrometer with snapshot capability. Previous to this, only a visible and MWIR 

snapshot spectrometer had been built using the CTIS technology. It is also a 

good intermediate step to building the SWIR CTICS. The prototype system is 

displayed in Figure 11. 

Figure 11: Assembled short wave infrared CTIS system 



44 

As seen on the monitor in the background of Figure 11, the projections through 

various angles of the data cube are dispersed on the focal plane array. The 

actual field stop is 54X46 pixels and a resolution of 10 nm gave 70 bands from 

1.25 to 1.95 um (limited by the calibration system). 

Now the discussion on linear operators begun in Chapter 4 continues. The 

SWIR CTICS system can be described in terms of matrix algebra: 

g = Hf (7.1.1) 

The image is g, the object is f, and the effect of the system on the object is 

described by the system matrix H. Since we have g, and are trying to find f, 

we need some method to find H, actually H"'", the pseudo-inverse. The system 

matrix can be modeled theoretically, component by component, or 

experimentally. The advantage of building it experimentally is that imperfections 

in the system are all calibrated out, and so this is the approach we will use. H is 

simply the accumulated PSFs of the system to a spatial and spectral point 

sources. The point source is created by the calibration system shown in Figure 

12. 
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Figure 12: Calibration system 

It consists of a monochromator whose slit width is calculated such that the 

dispersion is approximately one pixel on the FPA (10 nm). The equation follows: 

lirjpo 
Slitsize = 10nm*600 *190 mm = 1.14 mm (7.1.2) 

mm 

The fiber size is also chosen such that the image is approximately 1 pixel in size 

on the FPA. Because the fiber is placed directly in the field stop, this is 

calculated as: 

fu • • 1 • * re - imaging f.l. .300 
fiber size = pixel size * — = 20 nm* = 120 (7.1.3) 

collimating f.l. 50 

If any relay optics are placed in front of this, the magnification must be accounted 

for. Once these are known, the calibration follows by simply taking images at 

each wavelength. A few of the calibration images are shown overlapped in 

Figure 13. The center points (zero order) overlap each other for all wavelengths 
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and therefore provide no useful spectral information, only spatial information. 

The plus and minus first order show the change in pixel location as a function of 

wavelength. The plus and minus second have the same effect, except the same 

wavelengths are spread over a larger portion of the FPA. This gives better 

spectral resolution than the first order. In fact, the system's spectral resolution is 

limited to the amount of dispersion across one pixel in the highest order on the 

FPA. 

Figure 13: 1325,1625, and 1825 nm calibration images overlapped 

There were several special circumstances that appeared due to the 

particular camera and polarization components that were used that had not 

previously been encountered in the CTIS calibrations. The first calibration done 

on the system had only one dark image taken at the end of the 70 bright images. 

When the dark image was subtracted from each bright image, it led to large 
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negative numbers in the low wavelength images that were taken at the beginning 

of the process. It seemed the background noise had increased over time. To 

test this theory, dark images were taken at successive time intervals from the 

point at which the camera was turned on and the average noise level of each 

image was plotted against time. This led to the graph shown in Figure 14. 

Noise versus time for M700 camera 

ADU 
16000 

14000 

12000 

10000 

8 0 0 0  

6 0 0 0  

4 0 0 0  

2 0 0 0  

Minutes 
2 0  4 0  6 0  8 0  100 120 

Figure 14: Background noise of camera vs. time 

As suspected, the background noise increased after the initial power on of the 

camera. The noise leveled off after approximately 1.5 hours, but to avoid having 

to wait that long each time the camera was turned on, a dark image is taken after 

each bright image. The other interesting phenomenon observed in this system 

was the discovery of polarized output from the calibration system. This is 

noticeable in comparing two images taken of the zero order of the 
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monochromator output with CTICS configuration in Figure 15 and CTIS 

configuation in Figure 16. 

Figure 15: Image of fiber with Figure 16: Image of fiber 
polarizer in CTICS system without polarizer in CTIS system 

Other than the obvious decrease in intensity, the modulation in the spectrum 

when the retarders and polarizer are in the system is readily apparent in Figure 

15. When the system is made polarization insensitive by removing the polarizer 

(as all previous CTIS system were), the modulation disappears (Figure 16). It 

was discovered that the two mirrors used to image the exit slit onto the fiber were 

polarizing the output. In a later configuration, a microscope objective replaced 

these two mirrors to increase the throughput and the problem was resolved. 

Until that change was made, the CTICS system was calibrated without the 

polarizer. According to the manufacturer, the polarizer's attenuation across the 

region of interest is flat and therefore will not affect the ability of the SWIR CTICS 
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to reconstruct the spectrum. If one wishes to be thorough, the attenuation of the 

polarizer for each wave band can be multiplied into each calibration image. An 

image of the illuminated field stop is used to get its location and size. The last 

step is to then place the output of the fiber in front of a single element 5X5 mm 

radiometrically calibrated PbS detector and run through the same wavelengths. 

The signal in volts for each wavelength is turned into watts by multiplying by the 

quantum efficiency of the detector. The resulting lamp profile is then divided into 

the calibration images to remove the source profile of the monochromator. 

_Image(^ (7.1.4) 

I is the intensity in W"\ Image is the calibration image in AU, Q is the efficiency of 

the detector (WA/), and P is the power measurement in volts. Once the images 

have been processed, they are placed into matrix form using a program designed 

by Curtis Volin. The system is assumed shift-invariant so that only one point in 

the field stop needs to be captured experimentally. 

7.2 Reconstruction Algorithms 

Once the system matrix H is defined by calibration and the raw image, g, 

has been acquired, the goal is to invert the mapping to form an estimate f of the 

object cube, f. This is referred to as the reconstruction of the datacube. As was 

mentioned earlier, the direct pseudoinversion of the system matrix is 

computationally impractical on current workstations. Therefore, iterative 
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multiplicative algorithms are relied on for the reconstruction process. The two 

available to us are Expectation-Maximization (EM) and Multiplicative Algebraic 

Reconstruction Technique (MART). Each algorithm is started by setting f to an 

initial estimate. Both will converge more quickly if the initial estimate includes a 

priori information about the object cube. With each iteration, a correction factor is 

calculated for every voxel. For EM, the progression from the p to the p+1 

estimate of the nth voxel's exitance is: 

- (p) 
(/'+I) CM _ 

f -  E " ™ — P - 2 1 )  
(Hf ). 

w'=l 

a(/?) 

Theoretically, the algorithm stops when the quotient g„/(Hf reaches unity. 

In practice, the reconstruction process is limited in iterations (see Chapter 10) to 

minimize image noise amplification in the algorithm. For MART, the progression 

from the p to the p+1 estimate of the nth voxel's exitance Is: 

-(p+l) -(P) 
/„ =/„ ^ (7-2.2) 

{H'Hf \  

Using a comparison between the double-blurred object cube, H^g, and estimate, 

.(k) 
H^Hf , the MART algorithm converges slowly for high frequency features, but 

is less inclined to high-frequency artifacts than EM. 

7.3 CTIS Reconstructions 
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Several objects were used to test the SWIR CTIS reconstruction process. 

Two of them have been selected for demonstration purposes. The first is a 1550 

nm LED bought from Roithner Lasertechnik in Austria. The spatial image and 10 

nm spectral slices are shown in Figure 17. One spatial point in the field stop 

1550 nm LED 

1255 nm 

1365 nm 

1475 nm 

1585 nm 

1695 nm 

1805 nm 

1915 nm 

Figure 17: ISSO nm LED spectral images 

(32,23) was chosen for spectral comparison purposes with a spectrum obtained 

by a single point spectrometer. Because the ASD reports the spectrum in 1 nm 

resolution, the spectra from the instrument were rebinned into 10 nm bands to 

match the SWIR CTIS resolution. The results in Figure 18 show fairly consistent 

gaussian shaped spectra with the SWIR CTIS half width being slightly larger than 

the ASD's. 
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Figure 18; Comparison of 1550 nm LED spectra by SWIR CTIS and 
ASD spectrometer 

The peaks differ by one 10 nm band, 1515 nm versus 1525 nm for the single 

point spectrometer. Since the CTIS system reconstructs narrow spatial/spectral 

objects well because there is very little overlap in dispersed orders, a broad 

spectrum created by an ordinary flashlight was also tested (Figure 19). Similar 

features show up in both spectra, with the CTIS's features being less 

pronounced. These differences in both test objects may be at least somewhat 

attributable to the chromatic aberration that the collimating lens introduces. The 

chromatic aberration creates some overlap between PSFs in the calibration 

images, which manifests itself as spectral blurring in the reconstruction. 
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Figure 19: Comparison of Maglite flashliglit spectra by 
SWIR CTIS and ASD spectrometer 
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The option was taken to improve the system by replacing the BaF2 singlet 

collimating lens with an achromatic doublet of the same focal length and size 

designed by Brian Miles at Eglin Air Force Base. A combination of objects was 

also tested by placing a 1450 nm and 1550 nm LED side by side in the field stop 

and the spectra at a point in each object were compared to the ASD spectra. 

Despite the added complexity of the image, both objects shown in Figure 20 

reconstructed extremely well. 
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Figure 20: Complex object reconstruction and verification 
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The ability of the Short Wave Infrared Computed Tomography Imaging 

Spectrometer (SWIR CTIS) to discern between different types of minerals is now 

demonstrated. This is done by reflecting a tungsten halogen light source off 

different samples and evaluating the resulting spectra. With the proven accuracy 

of 10 nm, a new set of tests was run on a series of minerals found in the western 

portion of the U.S. The following is a table of the results (Table 2). In the left 

column is a picture of the sample and it's common name. On the right is a typical 

reconstructed spectra from the image taken by the SWIR CTIS. 
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Table 2: Mineral samples and their SWIR spectra 

Calcite 1200 1400 

ik 
Muscovite 

Sulfur 
1200 1400 

Biotite 
Wavelength 

Galena 
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Although some samples, such as muscovite and sulfur, have almost 

indistinguishable spectra, most sample spectra have distinctive characteristics 

that set them apart. This capability can be directly applied to view vast expanses 

of rock quickly and accurately. The SWIR CTIS is able to reconstruct spectra for 

each spatial location in its field of view such that spectra can be compared for 

different spatial locations instantaneously and even a gradual change in mineral 

content is detectable. Given previous knowledge on the source of illumination (or 

a CTIS image of the source), the reflectivity of the surface can easily be obtained 

as well. 
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7.4 Assembled SWIR CTICS 

With this verification of the SWIR CTICS, we introduce the channeled 

spectropolarimetric components into the system. By adding the two thick 

retarders and polarizer, the polarization information can be seen modulated on 

the spectrum. This is demonstrated by the image in Figure 21 of the same broad 

spectrum flashlight tested in the previous section except this time a linear 

polarizer has been added in front of the flashlight to create a polarized object. 

Figure 21: Image of polarized flasliliglit source showing polarization information 
encoded as modulation in diffraction orders. 
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A similar CTIS reconstruction using 100 iterations of the MART reconstruction 

algorithm gives modulated spectra of the object at each spatial location. An 

example is shown in Figure 22. 
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Figure 22: Spectra at pixel (19,25) of polarized maglite 

The major hurdle is to accurately extract the Stokes vectors from these spectra. 

This involves three tasks to be discussed in the following chapters: extraction, 

verification, and reconstruction. 
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CHAPTER 8: IMAGE PROCESSING 

8.1 Extracting Stokes vectors 

The method of extracting the Stokes vectors from an image involves 

splitting the process into two steps. First, the CTICS system is calibrated as if it 

is simply a CTIS system reconstructing spectra at each spatial location in the 

field stop. In other words, the system matrix is oblivious to the fact that the high 

frequency components of the spectra are actually information about polarization. 

This calibration and reconstruction process previously outlined in Chapter 7 is 

used to produce a data cube of modulated spectra at each spatial location in the 

field stop. Now, a technique is described and used to demodulate the spectra to 

retrieve the polarization information. A user-friendly program was written in IDL 

by Dave Salyer following code written in Mathematica by this author to 

demodulate the spectra and display the results. A cursory introduction to 

demodulation was begun in Chapter 6 and will now be elaborated on. The 

information captured in the spectrum is best demonstrated through the use of 

Stokes vectors and Mueller matrices as displayed in Equation (8.1.1). 

ri 1 0 0' f l  0 0 0 ' f l  0 0 0 ' 

0 1 1 1 0 0 0 COS 0 0 1 0 0 5,(a) 

0 2 0 0 0 0 0 0 1 0 0 0 sin<^4™n 

A .0 0 0 .0 sin ̂ 8™. 0 .0 0 -Sin<^4mn 

(8.1.1) 
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Solving for the irradiance on the detector (Equation (8.1.2)), we see that each 

Stol<es component is present and multiplied by a different modulation frequency. 

This is analogous to sideband modulation used in radio. 

^(CT) = ̂  [5o (C7) + S, (a) cos (a) sin S, sin S, - ̂3 (a) sin S, ̂  cos S, ̂  ] 

(8.1.2) 

While the So component manifests itself as a DC term, the other components are 

modulated by frequencies dependent on the retardance of the two thick 

retarders. The retardance is given in (8.1.3). 

d^ia) = 2m„M„a (8.1.3) 

Other than the inherent material properties of the birefringent crystal that give 

rise to An (the difference in index of refraction of the ordinary and extra-ordinary 

axis), the retardance can be controlled by the thickness (t) of the two retarders. 

Once modulated, each component can then be extracted using several different 

methods. The one that will be highlighted is to multiply the irradiance by the 

modulation signal again. These demodulation signals of the form in effect 

shift only the component of interest to DC. The lobe can then be masked off in 

the Fourier domain and inverse Fourier transformed to get the spectrum of that 

component. This is demonstrated on each modulated component in Equation 

(8.1.4). 



62 

3 " ' { R e c t ( — * ^ ( c 7 ) } }  
L j\ 4 

3 " '  { R e c t ( — )  * *  E { a ) } }  - >  ( 8 . 1 . 4 )  
L\ 8 

3 " ' { R e c t ( — )  * * ^ ( C T ) } }  ^ - ^ j C c r )  
L\ 8 

where L1 is the width of one lobe in the Fourier domain. L1 is calculated by 

taking the derivative of the thin retardance at the center wavenumber. The 

reconstruction of the S2 and S3 components is slightly more involved because 

both are located at the same frequencies, they are only 90 degrees out of phase. 

Separating the two components actually involves multiplying by a combination of 

modulation frequencies. This causes a portion of one component from both the 

inner and outer lobes to be moved to DC. The demodulation signals are stored 

in the program as discreet valued arrays, one value for each center wavelength 

of seventy four 10 nm bands. Due to a lack of sufficient bandwidth in the system, 

a sub-Nyquist sampling technique outlined in Chapter 12 is actually used which 

changes the demodulation terms in Equation (8.1.4) slightly. This will be ignored 

for now. For each spatial location in the data cube, the So component is 

reconstructed by simply masking off the discreet reconstructed irradiance array in 

the Fouher domain, multiplying by the corresponding amplitude, and inverse 

Fourier transforming. The Si, S2, and S3 reconstructions are first multiplied by 

the corresponding demodulation signal array and then follow the same 

procedure. To reduce ringing in the reconstructions, a Manning window is also 

used in masking the components off rather than a rectangular function. The 
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program displays a zero order image in the lower right, the modulated spectrum 

of a single spatial location on the left, and the resulting Stokes vector arrays are 

superimposed on top of each other in the top right corner. By clicking on voxels 

in the zero order image, the degree of polarization (DOP), degree of linear 

polarization (DOLP), and degree of circular polarization (DOCP) are displayed in 

the lower right corner. A typical screen shot is shown in Figure 23. 

Reconstructed Stokes Vector 

Figure 23: Typical result of Stolces reconstruction program 

The final result is a compact, user-friendly view of the resulting reconstructed 

object. The mathematical fine points are virtually transparent to the user. 
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CHAPTERS: VERIFICATION 

9.1 Spectral Polarization State Generator 

Although the system is calibrated, its ability to reconstruct objects 

accurately is still unknown. To verify the authenticity of the reconstructions, we 

build a Polarization State Generator (PSG) and Rotating Retarder Fixed Analyzer 

(RRFA) spectropolarimeter. This gives two ways to check the data from the 

SWIR CTICS. The polarization state generator consists of a fixed horizontal 

polarizer and a rotating retarder with a fiber from the monochromator as the 

input. By rotating the retarder's fast axis to different positions with respect to 

horizontal (0), many different polarization states can be created as demonstrated 

when randomly polarized light is passed through the PSG Mueller matrix in 

Equation (9.1.1). 

LR[9O°0].LP[O°]. 

r f 

0 
= 0.5 

0 

0 
\ \ 

1.0 

O.5 + O.5Co5(40) 

0.5Sin(4e) 
(9.1.1) 

The Stokes vector output of the PSG on the right side of the equation shows how 

the type of polarization can be controlled by the angle at which the retarder is 

rotated. Ideally, the PSG would have an achromatic quarter-wave retarder over 

the SWIR such that all possible polarization states can be generated, but due to 

lack of readily available and inexpensive achromatic retarders, the retarder used 

is nominally quarter-wave at 1.550 nm and follows a linear relationship with 
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wavenumber. First, the retarders from both the PSG and RRFA were sent to the 

lab at Eglin Air Force base to be characterized. Using the same fitting algorithm 

as was used to determine the retardance of the thick sapphire retarders in 

Chapter 6, the retardance of both samples is plotted in Figure 24. 
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J2651M120202 

Figure 24: Retardance data for retarders used in PSG and RRFA 

The blue line corresponds to the retarder used in the PSG and the red dashed 

line corresponds to the retarder in the RRFA. The manufacturer of the retarders, 

Meadowlark, reported the retardance to be quarter-wave at 1.555 |im (a = 

0.643). The data from Eglin lends credence to their assertion and helps build 

credibility for the PSG. Theoretically determining the Stokes vectors producible 

by the PSG is now a matter of modeling the output of the system for all rotation 

angles of the retarder around the axis of the beam. This is compactly viewed on 

a Poincare' sphere in Figure 25. 
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PSG output 
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Figure 25: PSG outputs 
mapped on Poincare' 
sphere 

Because of the spectral dependence of the retardance, each wavelength maps 

out its own unique figure eight on the sphere. The outer edges and middle 

wavelengths in the SWIR were shown to give a feel for the spread of states 

generated. The polarizer will be left at horizontal for this experiment, but it 

should be noted that rotating the polarizer is synonymous with rotating the entire 

figure eight around the S3 axis of the Poincare' sphere. 

9.2 Rotating Retarder Fixed Analyzer Spectropolarimeter 

It could be assumed from the preceding section that the PSG is creating 

the correct polarization states, but, by using another polarizer, retarder, a 

detector, and a quasi-monochromatic input, a spectropolarimeter was created to 

verify the output of our PSG. The layout of the PSG and RRFA 

spectropolarimeter and a sample output is shown in Figure 26. 
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Figure26: PSGandRRFA 
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A model is needed to interpret the data coming from the detector to retrieve the 

Stokes vector of the PSG. To do this, the position of the retarder in the RRFA 

and the retardance have to be evaluated. Measuring these was approached 

from several different methods to ensure accuracy. The next step is to track the 

position of the retarder's fast axis with respect to the axis of the polarizer. First, 

the polarizer's transmission axis was aligned parallel to lab table (nominally 

horizontally) by using a reflection off a piece of glass at Brewster's angle. At 

Brewster's angle, only s-polarization (polarization parallel to the plane of the 

table) will be present, therefore the polarizer should be transmissive at horizontal 

orientation and opaque at vertical. By maximizing the throughput, the polarizer's 

axis is aligned nominally horizontal. A second polarizer is aligned horizontally by 

maximizing transmission through both. The RRFA retarder is rotated between 

the two polarizers using a monochromatic source. Data is taken every few 

degrees by the PbS detector and position is tracked by an optical encoder. The 

data is fit to a model described by the Mueller matrices in Equation (9.2.1). 

a(l 0 0 Q).LP[Q°lLR[8,b* steps-eo]. (9.2.1) 

The variables in the model are: the amplitude (a), the conversion between 

encoder steps and degrees (b), the offset (00), and the cosine of the retardance 

(cos6). Figure 27 shows the experimental data from a 1.255 |im source, non

linear fit, and estimated values. 
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Figure 27: Experimental data and fit from rotating retarder between two polarizers 

00 is given in radians. Tlie value of "b" gives a degrees to encoder step 

conversion of .217°/step. Rather tlian assume the retardance is known because 

it was previously calculated, the model allowed the data to be fit. This was done 

to verify previous experiments that used this technique to calculate the 

retardance.To expedite the capture of this multi-wavelength data, the Remote 

Sensing Group at the University of Arizona graciously lent a SWIR spectrometer 

to replace the PbS detector seen in Figure 26. Because entire spectra can be 

captured at once, the nominally monochromatic point source was switched to the 

zero order of the monochromator, which contains all the wavelengths 

simultaneously while still remaining a spatial point source. The fit from this data 

over the wavelength region of interest is shown in Figure 28. 
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Figure 28: Comparison of fit data with data from Eglin Air Force 
Research Labs 

The fit is within 1% of the data from AFRL until approximately 1700 nm, at which 

point it veers sharply away. This caused quite a bit of concern and several 

possible causes were investigated such as dark current noise and spectrometer 

failure (the spectrometer switches to a different detector at approximately 1700 

nm). After determining the dark current noise was negligible in comparison with 

the signal and that the spectrometer was function properly, a conclusion to this 

puzzle was reached after taking a single spectrum of the polarizers with axes 

crossed. This spectrum, displayed in Figure 29, corresponds to the diattenuation 

of the two crossed polarizers and should be nominally zero at all wavelengths. 

The test proved that the dichroic polarizers ability to polarize light in the PSG and 

RRFA did not extend past 1700 nm. This is not an issue with the wire grid 

polarizer in the SWIR CTICS. 
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Figure 29: Spectra taken of crossed dichroic polarizers 

Despite this setback to our PSG, we liave two independent methods of 

calculating the retardance within 1° of each other and a highly accurate 

polarization state generator that extends from 1250 nm to 1700 nm. In the 

future, the method of rotating the retarder between two polarizers, which can 

easily be implemented in even the most unsophisticated of labs, can be relied 

upon to deliver quick, accurate retardance values. Also from this method, the 

encoder steps can be translated to degrees, the importance of which will be 

revealed shortly. Now the model can be used to reconstruct any polarization 

states output from the PSG within our limits of 1250-1700 nm. With the fast axis 

marked by the manufacturer, the retarder in the PSG is roughly aligned to 45° 

and data is taken by the RRFA. The previous introduction to linear algebra in 

Chaper 4 Section 3 is applied to reconstruct the Stokes vector for each 

wavelength. The system is described by Equation (9.2.2). Now all variables are 
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known except for steps, the encoder's interpretation of the retarder's fast axis 

angles. 

a{\ 0 0 Q)).LP[Qi°].LR{8,b* steps-QQ] (9.2.2) 

The angles at which the retarder is set can be optinnized, but with only manual 

rotation available, the chance of repeating angles is ruled out.**" The encoder 

can keep track of the position of the retarder though and we use a series of 

arbitrary angles to construct the RRFA system matrix. Each row is made up of a 

vector of length 4 and the number of rows is dictated by the number of angles (N) 

at which data is taken. The pseudo-inverse is taken by doing a Singular Value 

Decomposition (SVD) and then using the vectors to construct the Moore Penrose 

pseudo-inverse. While the pseudo-inverse remains constant with wavelength, 

the output, g, of the system is a vector of length N for each wavelength. Applying 

the pseudo-inverse to the data on a wavelength by wavelength basis, an 

estimate of the Stokes vector is obtained. The results of the reconstructed Stoke 

vectors from the RRFA data taken for the wavelengths ranging from 1255-1675 

nm in 1 nm steps are displayed in Figure 30. For reference, the dashed lines are 

the expected Stokes vector output from the PSG. 
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Figure 30; Reconstructed Stokes vectors from RRFA 
spectropolarimeter 

The theoretical and experimental reconstruction of the output of the PSG are In 

agreement with each other. To check the data, these reconstructed Stokes 

vectors can be used to estimate the angle at which the retarder in the PSG was 

set. By again modeling the PSG, leaving 0 as a variable, and setting these 

equations equal to the reconstructed Stokes vector, a system of 3 equations and 

one unknown is used to estimate the angle at which the retarder is set. The 

estimate of 42° is within a reasonable distance from the eyeballed setting of 45°. 

For future measurements, the retarder angle in the PSG can be measured more 

accurately by adding an encoder to track position. The generator, RRFA, and 

linear algebraic method of reconstructing the Stokes vectors have been 

successful. The theoretical output of the PSG and the experimental 

reconstruction from the RRFA spectropolarimeter are what will be used to 

compare against one image and reconstruction taken by the SWIR CTICS. 
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CHAPTER 10: RECONSTRUCTIONS AND RUGGEDIZATION 

10.1 Reconstructions 

Now that a method has been established to verify the inputs to the 

system, we turn to reconstructing the images using our calibration matrix and 

extraction techniques discussed in Chapter 9. First, the CTICS reconstructions of 

a set of polarization states created by the PSG are verified. The set chosen 

includes all three independent Stokes vectors. A statistical analysis of the 

reconstructions gives us an indication of the accuracy of the system. The three 

states taken for analysis are horizontal linear, 45° linear, and circular polarization. 

Sample reconstructions taken from one spatial location in each image are shown 

below. 

Kfccinst'kjcled Vei Rcconatfuctcd Vccior: 

Figure 31: PSG reconstructions 

A statistical analysis of each reconstruction was done by taking the points 

that contained at least 50% of the maximum power in the image and averaging 

percent polarization over the spectrum. The spectrum is limited to the 
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wavenumbers for which the intensity is at least 20% maximum. This is to avoid 

parts of the spectrum that have a low signal to noise ratio due to low atmospheric 

transmission and other object driven causes. For each spatial location that 

qualifies, the total percent polarization, percent linear polarization, and percent 

circular polarization are calculated. The mean and standard deviation arrive from 

statistical analysis over the spatial locations. 

Table 3: Statistics of reconstructions 

Horizontal linear % S ,  % S 2  % S 3  
Mean 99.85 19.01 18.81 
Standard deviation 8.85 3.84 1.88 
45° linear 
Mean 21.00 91.63 19.30 
Standard deviation 1.09 4.19 3.60 
Left circular 
Mean 20.45 16.81 95.80 
Standard deviation 2.90 7.43 8.53 

On average, the SNR was very low, between 3-5, so the resulting accuracy is 

within expectations. 

The next investigation is an object that is known to be a natural source of 

polarization, a flat piece of glass. The test consisted of transmitting broadband 

light through a piece of flat glass at many different angles to the path of the light. 

From knowledge of the theory, we expect that the beam will be unpolarized when 

the piece of glass is perpendicular to the beam and become more linearly 

polarized as the glass is tilted toward being perpendicular with the beam. The 

linear polarization will be a combination of s and p-polarization. The following 
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series of Stokes graphs is the reconstruction at one spatial pixel as the glass is 

tilted from perpendicular to almost parallel to the beam. 
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Figure 32; Reconstructions of tilted glass plate 
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Again statistical analysis was done to arrive at the percent linear polarization as a 

function of tilt. 

Tilt versus polarization 

0 45  75  

Approx. tu t  from perpendicular 

Figure 33: Tilt versus degree of linear polarization 

As the glass is tilted at steeper angles, the degree of linear polarization increases. This 

information can be useful in identifying windshields of vehicles or other objects made of 

glass. 

10.2 Stress birefringence 

Plastics are birefringent materials that change birefringence with the amount of 

stress placed on them. The birefringence is also wavelength dependent. An 

easy but useful demonstration of this behavior is done by placing a piece of 

plastic such as a ruler between two crossed polarizers and looking through this at 

some source of light. This type of birefringence can also be detected by the 
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CTICS system in the same experiment. A plastic ruler was placed between two 

crossed polarizers and the results are shown in Figure 34. The upper left image 

is a false color intensity plot of the reconstruction and the upper right image is the 

zero order. 
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Figure 34: Wavelength dependent birefringence detected in a plastic ruler by SWIR 
CTICS 
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Although the S2 and S3 channels show significant noise making polarization 

determination from the reconstructions difficult (the analyzer was set to vertical 

and therefore only negative Si polarization should be detected), the spectral shift 

is well defined. This can be very useful in mapping the stress 

in plastics and the snapshot capability allows continuous data collection as the 

stress is increased or decrease with time. 

10.3 Ruggedization 

With all of the parts finalized and several test runs completed, the end 

product needed to include ruggedization. The goal of this program is to build a 

system that can be calibrated in a controlled laboratory environment and then 

shipped to any location where measurements wish to be made. The tolerances 

on components in the x,y, and z-direction are therefore very strict to avoid any 

sort of image shift between calibration and data taking. A design was envisioned 

and built to create a system in which all the components are dropped into rigid 

holders and locked down. This positioning is repeatable to within thousands of 

an inch. The camera is mounted to a base plate and the z-axis of the system is 

dictated by the center of the focal plane and re-imaging lens. All other 

components are aligned to this axis with the same standards. The holders for 

the polarizer and two thick retarders are designed to slip fit the standard rotation 

mount from Melles Griot such that rotation can still be adjusted and locked down. 

The grating is also allowed to rotate about the z axis. The holders for the grating, 

polarizer, two thick retarders, bandpass filter, and collimating lens are simply 
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sandwiched together in front of the re-imaging lens. Clearance is left between 

holders such that vibrations from the camera's cryogenic Stirling cycle cooler 

don't cause them to touch. The field stop and objective lens sit in another holder 

separately, the distance between the two components fixed for the BFD of the 

objective. The distance between the collimating lens and field stop/objective is 

the only variable in the system. This is done to accommodate the transition from 

the BaF2 collimating lens to the achromatic doublet that had not yet arrived at the 

time of the holder's construction. All of this work produced the ruggedized 

system shown in Figure 35. 

Figure 35; Ruggedized SWIR CTICS 

Ease of assembly and mobility are vastly improved with the same dedication to 

user-friendliness shown in the software programming. Tripod mounting is also 

possible with a single 3/8-16 screw at the center of balance of the system. 
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CHAPTER 11: ERROR ANALYSIS 

The system's performance is analyzed by splitting the system into its two 

natural components: the CTIS portion and the channeled spectropolarimetry 

portion. The CTIS's performance and limitations are fairly well documented at 

this point (Descour and Volin). Therefore, analysis is concentrated on the 

channeled spectropolarimetry to determine sources of error. It is already 

established that a broad spectral source is required in order for the modulation 

technique to work and this eliminates laser sources (which the CTIS reconstructs 

the best) as possible objects to reconstruct. It is also known that, due to the 

missing cone issue in Chapter 5 Section 2, CTIS does not reconstruct low spatial 

frequency/high spectral frequency objects well. So, the analysis will center on 

finding the best objects to reconstruct and what errors cause the most deviations 

from ideal. The first analysis used simulated objects and reconstructions. 

11.1 Simulated Test Object 

To test the feasibility of the short wave channeled spectropolarimeter 

design, several different objects were reconstructed in a Mathematica model for 

the 1.25-2.08 jjm region. The reconstruction took into account dispersion from 

the retarders and the limited spectral resolution of the short wave CTIS system. 

The object used in the model is representative of one spatial pixel in the data 

cube, since the same reconstruction technique would be applied to all pixels. The 

object chosen to be reconstructed (shown with overlapped reconstruction in 
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Figure 36) is a 6000 K blackbody transmitted through a polarizer and reflected off 

a copper cube at an 80- angle of incidence. 
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BB 

polarizer 

e 
J, 

channeled 

spectropolarimeter 

0.8 

(a) (b) 

Figure 36: (a) Experiment layout (b) Overlapped input and reconstructed Stokes 
vectors. The solid lines are the input Stokes vectors and the dashed lines are the 

reconstructed Stokes vectors. 

Because these input Stokes vectors cut off abruptly at 1.25 and 2.08 /jm, the 

original reconstruction had a significant amount of ringing in it. To avoid this 

probiem, a band pass filter was added to the modeled system and then later 

divided back out in the reconstruction. This gave very good results with only a 

minimal loss in bandwidth. 

11.2 Noise Analysis 

The reconstruction looks particularly good because the simulation did not 

take into account noise. Noise causes deviations, especially at the edges of the 

wavelength region of interest where the signal is small due to the band pass 

filter. The accuracy of the reconstruction is heavily dependent on the amount of 

noise present in the system and the reconstruction technique. The resilience of 
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the short wave infrared system was tested by adding a percentage of noise to 

each data point in both the amplitude and the spectral value, (see Figure 37) 
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Figure 37: Reconstruction Induced Error Analysis 

This was repeated 100 times and the resulting average gives an approximate 

value for the relative RMS error that can be expected from the system given a 

certain level of noise present in the image. The input Stokes vectors used for 

these calculations are shown in Figure 38. 

Ideal Input Stokes Vectors 
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Figure 38: Input Stokes vectors 



85 

As visual examples of what reconstructions with noise might look like, Figure 39 

and Figure 40 show 2% and 5% noise added to the amplitude and spectral 

values. The shapes of the curves are still discernable. 

2% Noise Added in Amplitude and Spectrum Values 
5% Noise Added in Amplitude and Spectrum Values 

Figure 39: +/- 2 % noise Figure 40: +/- 5 % noise added 
added 

Figure 41 and Figure 42 show relative RMS deviation from ideal for noise added 

to the amplitude and the spectral values respectively. In both cases, the S2 

vector has the most departure from ideal, although even at +/- 5% noise in the 

spectrum amplitude, S2 has a relative RMS error of only .5. The So, Si, and S3 

vectors are far below that at under 0.15. Spectral skewing has even less effect 

than spectrum amplitude with a maximum departure of approximately .2 relative 

RMS error again by the S2 vector at +/- 5% noise. 
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Figure 41: Relative RMS error 
for 0 to 5% noise added to 
amplitude values. 

Figure 42: Relative RMS error 
for 0 to 5% noise added to 
spectral values 

This in agreement with a similar study done of the SVD of the system by Derek 

Sabatke.'"^'" With these noise calculations, it is possible to show the system will 

perform well even under adverse conditions. 

fY.3  Sensi t iv i ty  Analysis  

There are two types of error that can lead to artifacts in the 

reconstructions with this type of configuration. One is source-induced error (i.e.-

the type of object being viewed falls outside the category of reconstructable 

objects due to some spatial or spectral feature) and the other is systematic 

errors. Analysis on source-induced error indicates the system's main drawback 

is the bandwidth limitations the modulation places on the source's spectral 

features itself. For example, a single point system with a spectrometer of far 

higher resolution (<5 nm spectrally) was built in the SWIR using the same 

polarization components used in the imaging version and several test sources 
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were analyzed by looking at the Fourier transform of the spectra recorded. Both 

a horizontally polarized broadband tungsten halogen (blackbody) source and 

gaussian shaped LED source (100 nm FWHM) are presented below along with 

colored bands denoting the channels allotted to each Stokes component. 

Figure 43: FT of horizontally polarized sources (left: Tungsten halogen, right: 1550 nm 
LED) 

In both cases, the bandwidth of the source overlaps into channels allotted to 

other Stokes components causing some spectral artifacts in reconstruction. This 

was unavoidable given the constraints of the SWIR CTICS resolution, but with a 

larger FPA, this can be circumvented. It is a simple matter to investigate the 

types of sources of light that will be viewed and account for the bandwidth 

necessary to view these objects. A second source of error when we move back 

from the single point system to imaging using a CTIS-type layout Is the issue of 

the missing cone. This refers to the objects that fall in the null space of the 

system and cannot be reconstructed, namely low spatial frequency, high spectral 

frequency objects. As with the source bandwidth issue, this pitfall can be 

avoided by carefully choosing the types of targets to be reconstructed. Since 
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CTIS has already been used to view a wide range of targets with high success, 

there is little evidence to suggest the addition of polarization components would 

diminish It's performance, and in fact the additional information could prove 

highly useful in identification. 

The system is now analyzed in the lab by using the single point snapshot 

spectropolarimeter. In depth study of a linear algebraic approach to this type of 

system has already been done by Derek Sabatke In the visible spectrum, but 

since this technique of reconstruction is not applicable to the CTIS at this time 

(see Chapter 14 for details) the two step reconstruction will be used (reconstruct 

spectrum, then demodulate) to dissect the SWIR system. The laboratory set up 

of the SWIR snapshot spectropolarimeter consisted of the two thick sapphire 

retarders, the Versalight polarizer, and an ASD spectrometer. The input source 

was the PSG designed previously in Chapter 10. With the spectrum being output 

by the ASD, the only reconstruction necessary on the data is the demodulation. 

Several inputs were generated, including a linearly and elllptically polarized 800 

K blackbody source. The reconstructions are shown In Figure 44 from left to 

right. 
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Figure 44: Reconstructions from single point snapshot spectropolarimeter. (a) Horizontal 
linearly polarized, (b) elliptically polarized 
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In the first attempts, the reconstructions had the correct profile, but diminished 

amplitude. This is expected considering there is an MTF associated with the 

spectrometer that would cause a roll off in higher frequency spectral 

components. The compensation for this effect, done on these reconstructions, is 

discussed later in Chapter 12 on sub-Nyquist sampling. A comparison was done 

on the expected DOP, DOLP, and DOCP to the channeled spectropolarimetry 

results when the retarder in the PSG was placed at 45 degrees. The 

reconstruction and compared degrees of polarization are shown in Figure 45. 
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Figure 45: Reconstruction and DOP comparison 

Although the DOP is above 100 percent, the amount of DOLP and DOCP show 

good correlation to the expected PSG output. 

11.4 Polarization Sensitivity Analysis 

The other source of error we mentioned are errors in the system itself. 

These include, but are not limited to: background noise, material characteristics, 

tolerances on component position, and the MTF of the system. Many of these 

have already been addressed through building the CTIS system. Background 
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noise is usually significantly reduced by taking a dark image and subtracting it 

from the image. The calibration of the CTICS system matrix has a tremendous 

impact on the spatial-spectral reconstruction accuracy. The experimental 

calibration is able to quantify how each voxel is mapped onto the FPA including 

effects from wavefront aberrations, distortion, diffraction, spectral transmission, 

internal reflections, and pixel fill factor. This type of calibration has been well 

documented by Descour and Volin. The assumptions that are used, i.e. shift-

invariance, etc., have been previously studied. The calibration only extends 

through reconstruction of a spatial and spectral data cube though and not the 

polarization reconstruction which is done using the heterodyning method. The 

only twist that the polarization components add to the system is the possibility of 

misalignment and non-ideal characteristics of the added thick retarders and 

polarizer. For example, the polarizer transmission axis is used as a reference 

plane to which the fast axes of the retarders are aligned, nominally 0° and 45°. 

This brings the possibility of misalignment into play. If the experimental system 

calibration matrix includes polarization, the tolerance on alignment is very lenient. 

As of yet, this type of calibration is not available on the CTICS system (see 

Chapter 14) and so a method of heterodyning is used to extract each polarization 

component. This does require precise knowledge of all three polarization 

components. For example, the polarizer is assumed to be an ideal linear 

polarizer. How good is it really and what are the consequences on the 

reconstructions? To answer these questions, we again turn to the Mueller matrix 
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characterization done at Eglin AFB by Dennis Goldstein. With the Mueller 

matrices from 1.25-2 ixm for the Versalight polarizer, we can input a perfectly 

randomly polarized source and see what the DOLP is at the output. 

Versalight polarizer DOLP 
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Figure 46: Linear polarizer DOLP 

The polarizer is within 2% of completely polarizing the light for all wavelengths. 

The impact of this on the reconstructions was quantified by looking at the 

deviation from the ideal carrier waves. First, a finely sampled version of the ideal 

carrier waves is created by sampling the output If a polarization state of (1,1,1,1)^ 

Is Input, i.e. polarized completely for all possible polarization states creating a 

spectra composed of all possible frequencies with the same weighting (Equation 

(11.4.1)). Of course, this Is not a physically realizable polarization state, so a 

packaged program such as Mathematica is used to simulate the Input. 

Spectrum{a„) = {l 0 0 0).LP[0°]Xi?[4„„(a„),45°]XM_(a„),0]. n=1...1024 (11.4.1) 
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When the absolute value of the Fourier transform of the sampled spectra in 

Equation (11.4.1) is taken, the ideal carrier frequencies in s-space are produced. 

The non-Ideal carrier waves are found by replacing the ideal LP IVIueller mathx in 

equation (11.4.1) with the Mueller matrices from Eglin and taking the absolute 

valued Fourier transform of the resulting spectrum. The difference summed over 

the frequencies gives us an Idea of the amount of error introduced by non-ideal 

polarizer. 

1024 

'^Spectra.j^^, («)] -'^Spectra ̂ («)] 
Error = ̂  (11-4-2) 

^'^[Spectra.j^^,{n)] 
rt-1 

The Versalight polarizer contributed .07% error to the carrier waves. Both the 

retardance and alignment of each retarder are also critical. Methods have been 

developed, both using a simple laboratory set up and more complex instruments, 

to measure the retardance to within an accuracy producing acceptable 

tolerances on reconstructions. Studies have also been done on quantifying the 

error associated with the retarder alignment. Again, a comparison is done with 

the ideal carrier wave to quantify the error associated with Incorrect retardance 

characterization. Now a deviation. A, as a function of the percentage of the 

retardance is added to the thick retarder and the new spectra seen in equation 

(11.4.3) is Fourier transformed. 
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Spectrunia„) = [\ 0 0 0)ii^0°]iJ?[4_(a„)+A*4_(a„),45°]iJ?[<5,_(a„),0]. n=1...1024 

(11.4.3) 

The deviated spectra and ideal are compared using Equation (11.4.2). This 

produced the chart (Figure 47) in showing the percent retardance deviation and 

the corresponding percent error in the carrier frequencies. 
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Figure 47: Retardance error analysis 

As expected the 8 mm retarder, which is twice the thickness of the 4 mm retarder 

had approximately twice the rate of increase in error in the carrier frequencies. 

The estimate of the accuracy of the retardance data from Eglin is within 1% of 

the actual retardance. This gives less than a 1% error in the system 

reconstruction process. Since the actual error will depend on the object being 

reconstructed it is still possible that the error will be somewhat more or less than 

this estimate. The error in alignment of the components axes causes aliasing in 

the reconstructions as well. Again, the same approach was used in simulating 
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ideal carrier frequencies as in Equation (11.4.1), but this time the deviation, A, 

was added as an amount of degrees to the rotation of the component. 

Spectrum{a„) = {\ 0 0 0).LP[0°].Li?[4„„(a„),45° + A].L/?[,5,_(a„),0]. 

(11.4.4) 

n=1...1024 

This corrupted spectra was then Fouher transformed and subtracted from the 
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Figure 48: Retarder misalignment analysis 

ideal in the same manner as Equation (11.4.2). The result was another chart 

(Figure 48) in showing the impact of misalignment on the errors in carrier 

frequencies. Taking these three sources of error as a whole, an error In 

alignment has the most Impact. Fortunately, the precision with which the 

components can be aligned using a simple laboratory set up produces an 

estimated error In alignment In the system of less than +/- 1 degree. The last 
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major source of inaccuracy comes from the transfer function of the system. 

Since the polarization information is modulated onto the spectrum at different 

frequencies and these frequencies have some attenuation associated with them 

due to the transfer function of the CTIS, the components will reconstruct with 

some error. With a slow roll off, this error manifests itself as an overall 

attenuation factor in each Stokes component. Analysis has been done on the 

single point system to characterize and correct for the transfer function. Little is 

known about the CTIS transfer function, but one way do a first order correction is 

to input known polarization states and analyze the output, using the information 

gained to correct for the systematic biases. This is another use for the 

polarization state generator built earlier. 

11.5 EM versus MART 

There is much debate as to the benefits and disadvantages of different 

forms of iterative reconstruction algorithms. In this case, the study is limited to 

the two available: Expectation Maximization and Multiplicative Algorithm 

Reconstruction Technique. The purpose of this study is to determine the 

optimum technique and number of iterations necessary. When work was first 

begun on the CTIS system, reconstructions took less than 5 iterations to close on 

a solution. What is meant by "reaching a solution" is that both techniques use a 

correction factor for each voxel in each iteration to find the least squares 

minimum and this correction factor should become smaller as the algorithm 

closes in on the solution. These spectra were for the most part slowly-varying as 
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was seen in Chapter 7. When the polarization components are introduced, they 

impart high frequency terms to the spectra. Images of a sample polarized object, 

the flashlight at horizontal polarization, were taken and reconstructions were 

compared of this image using both the EM and MART algorithms. Each 

algorithm was run for 100 iterations at 5 to 10 iteration intervals. In each 5 to 10 

interval pause, a comparison was done between the old and new object cube 

estimates by dividing the sum of the square of the difference at each voxel by the 

total of the old object cube estimate. The percent change, correction factor 

divided by total in old datacube, is then plotted against iteration number in Figure 

49. 

Figure 49: Plots of correction factor for EM and MART as a function of iterations 

Both level off after close to 100 iterations. As was suggested by literature 

regarding the two methods, EM more rapidly converges on a solution by using a 

larger correction factor in the first couple of iterations (25% change in the first 5 

iterations compared to less than 20% in MART). When the final solutions were 

compared though, the MART spectra were smoother. The EM algorithm also 

was more likely to produce a floating point error in IDL. Both displayed a larger 
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correction between 25 and 30 iterations. It is possible the overall offset became 

larger, but the standard deviation decreased. MART was opted over the EM 

algorithm to reduce the introduction of noise and because rapid convergence 

was not a priority in the prototype. It was decided the number of iterations would 

depend on when the correction factor became sufficiently small to be negligible. 

Too many iterations would only introduce noise into the reconstruction. 

11.6 Shift dependent reconstructions 

Since the CTICS is an imaging system rather than a single point system, 

we have the unique situation of collimated beams of various angles passing 

through the retarders. Since each point in the zero order then has a different 

OPL through the retarder, the effect is to cause different points in the field to 

have different modulation frequencies. How significant, if at all, is this 

phenomenon? The problem is approached by first calculating the FOV of the 

system. The corner of the field stop is V2.5^+2.5^ =3.536 mm away from the 

center. With a 75 mm objective, this gives a HFOV of 2.699°. This gives the 

largest deviation going through the retarders. Calculation the deviation through 

both the 4 mm and 8 mm retarders, we see the resulting path length through 

both. 

4/cos(2.699) = 4.00444 mm 
(11.6.1) 

8/cos(2.699) = 8.00888 mm 
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The retardance at the outer pixels of the zero order have a .4 and .8% deviation 

from the center pixels through the 4 and 8 mm retarders respectively. This error 

is similar to error contributed by uncertainty in retardance value and is 

considered negligible. Since we know the location of each pixel in the field stop 

and the corresponding difference in retardance from the center value, we can 

also incorporate this into our Stokes reconstruction program. The variation in 

retardance across any one pixel is no more than .0003%. 

11.7 "Ringing" Error 

For the technique outlined in the preceding chapters of demodulating using 

previous knowledge about the retardance and masking off each component, the 

caveats are windowing off the functions and knowing this retardance with enough 

certainty at any point in time at which data is taken. As shown previously in the 

Section 3, the channels may overlap due to the lack of bandwidth of the SWIR 

CTICS and therefore the values at the edges of the channels may be nono-zero 

causing ringing in the reconstructions. While this can be completely alleviated in 

the redesign of the system using a larger FPA, it may be possible to improve 

reconstructions using different types of windows. Environmental changes, such 

as changes in temperature, will tend to expand or contract the retarder material 

causing changes in retardance values. So, while the retardance values taken by 

Dennis Goldstein at AFRL may be within tolerances in a laboratory setting to get 

20% accuracy, it must be assumed that this data will not hold in outdoors settings 
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and it may be possible to achieve higher accuracy in the lab with a better 

technique of determining retardance. For this reason, a method was developed 

to extract the modulation frequency from data retrieved and reconstructed by the 

CTIS system. This method is proprietary and will not be discussed in any detail, 

but results and conclusions derived from it's use are explained below with the 

intention of showing that improvements are possible to future systems. 

It was noted that much of the noise seen in the reconstructions, especially 

S2 and S3, seemed to have a dominant frequency which suggested ringing in the 

reconstructions due to the windowing function. The first attempt at reducing this 

noise came from changing the windowing function. Starting with a rectangle 

function, a Manning window was multiplied in to smooth the edges and the 

results are displayed in Figure 50. 
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Figure 50: Changing windowing function with Manning and resulting reconstructions 

The ringing in the S2 reconstruction is very pronounced with the rect function and 

becomes less so as the window is smoothed, but the results are not significant 

enough to be called a success. Further investigation was done into widening the 

rect function such that it overlapped into the neighboring channels, but this only 

tended to add a higher frequency component to the reconstructions. Results of 

this are shown in Figure 51. 
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Figure 51: Reconstructions after widening widths 

If both the S2 and S3 reconstructions are examined, there is actually a worsening 

of the "ringing" phenomenon with wider windowing. By investigating into the 

Fourier transforms of these signals, it becomes clear that widening the window 

only increases the amount of noise captured by the window. This led to an 

attempt to reduce the noise by investigating the step previous to windowing. The 
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demodulation of tlie Stol<es components by multiplying by a signal built from the 

experimentally calculated retardance values. 

Dennis Goldstein's Mueller Matrix Polarimeter can characterize the 

retarders very accurately, but only by taking the components out of the system 

and placing them in a controlled environment. We compare the results of this 

characterization with those obtained by extracting the phase from data taken by 

SWIR CTICS. Since there is some ambiguity in the optimum number of 

iterations to reconstruct the spectra, this will also be varied. For each phase 

extracted, a comparison is also made of the resulting Stokes reconstructions. 

We first look at the phase used to demodulate the Si component (Figure 52). 
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Figure 52: Comparison of pliases used for demodulating SI 
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Even though the difference between the AFRL phase and extracted Si phase for 

16 iterations is on average only 5%, the difference in reconstructions is 

enormous. The AFRL reconstruction has actually flipped signs. Why, might one 

ask, then did the 4 iteration extracted phase have a much better reconstruction if 

the difference between it and the 16 iteration extracted phase is even greater. 

The answer is found by subtracting one from the other and dividing by 2K. On 

average, they have a 2n difference, so when the phases are used to create the 

demodulating signal, e"'', they actually have a very small difference based only on 

their different slopes, not the offset. We now do the same analysis on the S2 

phase in Figure 53. 
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Figure 53; Comparison of phases used for demodulating S2 
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Here, all three phases are nearly identical and the reconstructions are similar, 

with the exception of the S3 component in the AFRL reconstruction. This 

emphasizes the sensitivity of the SWIR CTICS, with it's constrained bandwidth, 

FPA noise, iterative algorithms, and discretized output, to small phase 

differences even though in simulation with a perfect modulated signal, small 

changes in the demodulation signal do not have a significant effect on Stokes 

reconstructions. The difference between the AFRL phase and the extracted 

phase can be attributed to temperature differences from the time the AFRL data 

was taken to months later and different location at which the image was taken 

and the phase was extracted. The difference in iterations requires some more 

investigation. 
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It is obvious from the above discussion that the number of iterations is an 

important factor in getting decent reconstructions. Why, though, is it a factor in 

the Si reconstructions and not so much in the S2? The answer can be seen in 

the modulated spectra before the Stokes components are extracted (Figure 54). 
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Figure 54: Comparison of spectra recons with changing # of iterations 

The Si signal being extracted is modulated onto a high frequency that takes 

more iterations to get to a solution, as shown in the upper half of Figure 5. The 



106 

S2 and S3 components are modulated onto both a lower frequency and a higher 

frequency signal than Si, but only the lower frequency is used to reconstruct. 

So, even though the higher frequency component is only just beginning to show 

after 16 iterations, all the information needed to reconstruct the S2 and S3 

components is present after only 4 iterations. In fact, the system is never really 

able to resolve this higher frequency component due to both a less than perfect 

H matrix and sub-Nyquist sampling of the spectrum. A merit function that 

displays 
H f - g  

was added to the reconstruction program, so the user has a 

visual reference for when the reconstruction approaches the least squares 

minimum. 

Environmental changes were also checked as a source of error in 

reconstructions. The possibility of expansion and contraction due to temperature 

fluxuations could cause the retardance, and therefore the phase, to change. The 

retarders were allowed come to equilibrium with the ambient temperature of the 

laboratory and images were taken at 0 and -45° linear polarization. A heat gun 

was used to raise the temperature of the retarders until they were warm to the 

touch, a difference of at least several degrees. The plots in Figure 55 show a 

comparison of the phases extracted from the 0 and 45° reconstructions for the 

room temperature and heated images. 
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Figure 55: Phase difference as retarder temperature is changed 

There is very little difference in the retardance values and only a slight increase 

in ringing when we compare reconstructions of the room temperature and heated 

images using the phase extracted from the heated data (Figure 56). 
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Figure 56: Reconstructions of room temp and heated data with heated phases 

Using all the information gathered about the best phase characterization, the 

reconstruction and statistical analysis of three linear polarizations input by the 

PSG using a 1000° C blacl<body point source was repeated and found a 

significant improvement in accuracy. 
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Figure 57: Improved reconstructions with extracted phase 
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Table 4: Statistical analysis of reconstructions 

%Si  %S2 %S3 
0° polarized 89.27 7.16 9.21 
-22.5° polarized 67.83 75.71 8.06 
-45° polarized 5.52 112.11 8.32 

With the Improvements made in phase retrieval, the accuracy of the system is 

now closing in on 10%. 

Since this method for extracting phase is applicable to any channeled spectra, it 

can also be applied to the SWIR single point system using the ASD 

spectrometer. In this way, the CTIS artifacts can be separated from flaws In the 

technique. First, two spectra of a horizontal polarized 1000° C blackbody source 

and a 45° polarized 1000° C blackbody source were taken, the phase was 

extracted, and reconstruction was done using the same technique as used in 

reconstructing the CTICS spectra at each spatial location. The results are 

displayed in Figure 58. 
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Figure 58: Single point reconstructions using lower channels 

It is noticable that even though the ASD has a far higher resolution (< 5 nm), it 

encounters this same "ringing" problem In reconstructing the S2 and S3 

components as the CTICS does. By looking at an overlapped plot of the FT of 

the spectra, the problem Is identified (Figure 59). 
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Figure 59: Overlapped FT of spectra 
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It is apparent that the blackbody profile overlaps significantly into the S2/S3 

channel. Compounded by the 1/8 attenuation of these signals, the 

reconstructions of these two Stokes components in the channel sandwiched 

between the So and Si channels contain a significant amount of "cross talk" 

noise. To test this theory, the ASD's higher resolution is used by now extracting 

the phase of the outside lobes and this channel is used to reconstruct the S2/S3 

components. These outside lobes are not available on the CTICS due to sub-

Nyquist sampling. The results (Figure 60) show an almost complete extinction of 

this ringing in both S2 and S3. The amplitude reduction of the S2 component is a 

result of the ASD's MTF. 
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The conclusion is that, in order to view the types of sources found in the 

laboratory and outdoors, the CTICS needs to be redesigned to include a higher 

resolution camera and increased thicknesses of the retarders to create larger 

channels that are spaced farther apart so that this channel cross talk doesn't 

occur. 

11.8 Missing Cone 

The topic of resolution of the CTIS system can also be addressed in the Fourier 

domain. The central slice theorem'"" indicates that the data acquired in each 

projection of the data cube is sufficient to determine the values of the Fourier 

transform of the data cube in a section through the origin of the three 

dimensional Fourier domain. Figure 61 illustrates these sections. The range of 

angles at which projections can be taken through the data cube in the CTIS 

system is limited. The lines-of-sight cannot become perpendicular to the A-axis. 

In the Fourier domain there is then a corresponding approximately conical 

volume that is not sampled. Termed the missing cone, this volume lies along the 

axis conjugate to A. In fact, there are two missing cones, one on the positive and 

one on the negative side of the frequency axis. As a consequence of the missing 

cones, objects composed of both low spatial frequency and high spectral 

frequency are difficult to reconstruct with CTIS. When used in conjunction with a 

channeled spectropolarimeter, the dimensions of the missing cones need to be 
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taken into account to ensure sufficient spectral resolution is available for 

reconstruction of polarization data. 

Missing Cone 

Figure 61: The missing cone is a region in tlie Fourier transform domain of the data 
cube which is not sampled. 

This becomes a very important factor when channeled spectropolarimetry is 

added to the CTIS system. For an unpolarized object, the irradiance spectrum of 

the CTICS object is restricted to containing low spectral frequencies dictated by 

the size of the So channel. This puts the Fourier transform of the object near the 

center of the cube in the z-direction displayed in Figure 61. The object is then 

reconstructable even if it contains low spatial frequency because many planes 

intersect this area of the cone. Without changing the irradiance spectrum, 

polarization is added to the CTICS object. This manifests itself as a high 

frequency spectrum in the object cube, spreading the information farther out from 

the center of the cube in the z-direction. In order to avoid falling into the missing 

cone, the polarized object's spatial content must be limited to higher spatial 

frequencies. Two simulated objects and their Fourier transforms are given as 
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examples in to illustrate this relationship. The first (a) is a point source of 

gaussian horizontally polarized spectrum. The second (b) is a larger source of 

the same polarization and spectrum. 

Figure 62: Simulated objects and their Fourier transforms, (a) point source, (b) gaussian 
source 

It is apparent from their respective Fourier transforms that, as the object's area is 

enlarged, the polarization information is compressed into the area deemed the 

missing cone. In evaluating this phenomenon experimentally, the effect of the 

missing cone in SWIR CTICS is demonstrated by reconstructing the spectrum of 

a completely horizontally polarized object of varying spatial frequency as shown 



115 

in Figure 63. Each reconstructed spectrum shown is taken from a point roughly 

at the center of the object. 

Sources of increasing spatial extent and typical reconstructed spectra 
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Figure 63: Demonstration of missing cone in CTICS 

The modulation on the spectrum created by the polarization, which is so well 

defined in the smallest source, becomes less defined as the object becomes 

larger and the spatial frequency decreases. Another way of demonstrating this 

problem is to look at the spectra dispersed into one of the highest orders on the 

FPA. The modulated spectrum from one pixel in the zero order overlaps the 

spectrum from an adjacent pixel. When many pixels of the same spectrum are 

adjacent to each other, the modulated spectra overlap each other and cancel the 

modulation out. The missing cone and it's subsequent limitation on object space 

is not due to the added optical components from CTICS. The same problem 

would ahse in CTIS if an object with sharp spectral features were imaged through 
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the system and reconstructed. The size of the cube in Figure 61 and the number 

of planes intersecting it can easily be increased by increasing the size of FPA 

and the number of orders dispersed on it, so that the restrictions on polarized 

object's spatial content can be relaxed. 
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CHAPTER 12: SUB-NYQUIST SAMPLING 

Channeled spectropolarimetry is a method that allows the reconstruction 

of all 4 Stokes components with the acquisition of just one spectrum and no 

moving parts. Prior to this technique, multiple spectra and rotating components 

were required to obtain polarization information and thus rapidly changing scenes 

created artifacts. Channeled spectropolarimetry uses the dispersion in thick 

retarders to modulate the polarization information onto the spectrum. Thus 

spectral resolution is given up to instantaneously acquire polarization. The 

drawback is the need for a minimum of seven times the bandwidth required to 

obtain the irradiance spectrum alone. For several wavelength regions of interest, 

such as MWIR, this requires a high resolution spectrometer that is either not yet 

available or very expensive. The following chapter will outline a technique that 

reduces the amount of spectral bandwidth required for channeled 

spectropolarimetry through the use of sub-Nyquist sampling. 

12.1 Background 

In Chapter 8 Section 1, a demodulation technique was discussed that 

involved multiplying the spectra by the carrier frequency or, as in the case of the 

S2 and S3 components, combinations thereof, which amounted to shifting a 

reduced amplitude version of the desired Stokes component to DC. This could 

then easily be masked off and Fourier transformed. The carrier frequencies were 

determined by the thickness of our retarders and based on our formula for 
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retardance, Equation (8.1.3). Figure 64 illustrates the nature of the control on the 

location of the modulated signals when looking at the Fourier domain of the 

spectrum. 

This introduces the concept of Nyquist sampling**^ and required bandwidth. The 

minimum rate at which the spectrum must be sampled in order to avoid aliasing 

is equal to the inverse of 2 times the highest frequency in the spectrum. 

Therefore, in order to get the most efficient sampling rate, the polarization 

information must be packed together as tightly as possible. The combination of 

retardances that uses the bandwidth most efficiently is a thickness ratio of two-to-

one. This gives rise to equally spaced lobes with no gaps. Still, this leads to the 

requirement of 7 times the bandwidth for the irradiance (So) alone. 

F{Si }  

bandwidth 

Figure 64: Modulation frequency dependence on retardance 



119 

12.2 Sub-Nyquist Sampling 

It is apparent from Figure 64 that there is some redundancy in the 

information provided by this technique. There are lobes for both 3{S2+iS3} and 

3{S2-iS3} when information about both Stokes components can be retrieved from 

either one. With this in mind, we can reduce the amount of bandwidth needed by 

~28.5% by overlapping the outer two 3{S2-iS3} lobes producing less stringent 

requirements on the spectrometer's resolution. One choice of overlap is 

illustrated in Figure 65. 

F{SO} 

bandwidth A > 

overlap 

Figure 65: Efficient use of bandwidth while retaining information on all Stokes components 

This can be accomplished by undersampling the spectrum. The relationship 

between the resolution of the spectrum and the resulting bandwidth in the Fourier 

domain is: 

BW=— (12.2.1) 
ACT 
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From this formula, the required spectrometer resolution can easily be calculated 

for each application. The reconstruction process must now be modified slightly 

to accommodate the new sampling because the outside lobes are no longer 

valid. The modulation frequencies of the S2 and S3 components are broken 

down further in Equation (12.2.2) using trigonometric identities to separate the 

two lobes and find the modulation frequencies of just the 3{S2+iS3} lobe. 

52(cT)sin J, cosS^ 
2 (12.2.2) 

-S3(cT)sin^, sin^2 ^ 53(<T)*i*/[e''^-^> + 

Once again there is still the issue of separating the two components which are 

only separated by a 90 degree phase. Fortunately, by multiplying by their 

respective modulation frequencies, the desired component is moved to DC with a 

V2 reduction in signal while the unwanted component's DC term is multiplied by 

zero. The reconstruction process now becomes: 

3 - '  { R e c / ( — ) * * E { a ) } }  S , { a )  
L\ 

3''{Rec/(^)*3{e'*'''"''^^ *£(cr)}} ̂  S^{(j) (12.2.3) 

3"'{Rec/(—)*3{/e"^'"^' *^((T)}} ^ S,{a)  
L\ 

One will note that this is the same set of equations used in reconstructing the 

Stokes vectors from the SWIR CTICS system. In fact, because of limited 

bandwidth, the SWIR CTICS system is based on the sub-Nyquist sampling 

technique. 
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12.3 Example 

The theory is tested through the use of a visible (400-700 nm) snapshot 

spectropolarimeter. The system designed by Derek Sabatke consists of two 

thick quartz retarders in a 3:1 ratio (a less efficient predecessor to the 1:2 

design), a linear analyzer, and an Ocean Optics USB2000 spectrometer. The 

spectrometer is able to oversample the data such that the method can be 

confirmed by comparing to data in excess of Nyquist rate. Several different 

spectra were taken of a green LED with a linear polarizer at different orientations. 

The spectra and FT are displayed in Figure 66. 

L J KJ 

-100 -75 -SO -25 2B SO 75 100 -75 -50''-25 """"25" 50 75 100 "100 ' ' 

Horizontally polarized 
green LED 

Vertically polarized green 45° polarized green 
LED LED 

Figure 66: Irradiance spectra (top) and absolute value of the FT (bottom) taken of three 
different objects by the snapshot spectropolarimeter 

The required bandwidth for this 3:1 ratio is 9*L1 ~ 167 pm. The oversampled 

spectra are reconstructed and shown in Figure 67. 
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Horizontally polarized Vertically polarized green 45° polarized green LED 
green LED LED 

Figure 67: Reconstructions from oversampled spectra 

The reconstructions, although displaying the correct components, do not show 

complete polarization. This is attributed to imperfect resolution of the 

spectrometer. If the transfer function of the system can be accurately measured 

or modeled, it's effects can be removed from the spectrum before reconstruction. 

This is a technique known as deblurring. 

12.4 Transfer Function 

If this were an ideal system with no attenuation of high frequency 

components, a reduction of each component would be seen corresponding to the 

constants in the equation for the irradiance given by the Mueller matrix. For 

example, if the data were truly completely horizontally polarized, the absolute 

value of the 3{Si} component would be exactly /4 the amplitude of the 3{So} 

component. The maximum value of the 3{Si} component is actually 43% the 

height of the 3{So} component. This discrepancy is account for by creating a 

transfer function for the system. This is done by inputting a horizontal linear 
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polarization state to a system with only the thick retarder, polarizer, and 

spectrometer leading to a spectrum: 

E{a)  = 0.5 * 50((t) + 0.5 * Sl(a) * e'' (12.4.1) 

The output, with the profile of the source removed, should be a DC term of 0.5 

and the pure carrier signal at a frequency related to the dispersion of the thick 

retarder as shown in Figure 68. 

ICT 

Figure 68: Carrier frequency with attenuation due to spectrometer 

Most noticeable is the attenuation on the signal as the wavenumber increases. 

Since the spectrum data is binned by the size of pixels in the spectrometer, it is 

analogous to convolving the spectrum of the input in wavelength with a rectangle 

function of the size of one pixel. In the Fourier domain, this is the same as 

multiplying the Fourier transform of the spectrum by a sine function. Other 

causes for the attenuation are the aberrations caused by the optics. The 
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frequency as a function of wavenumber for the carrier signal doesn't change very 

much, but if this is converted to wavelength the frequency actually changes quite 

a bit. This causes the attenuation to increase with wavenumber. A transfer 

function is created for each wavenumber band by masking off a small portion of 

the signal using a Gaussian and taking the Fourier transform. Using this data, 

the transfer function of the system at one frequency for that band is acquired. 

Assuming a gaussian transfer function as a first order approach, this point is 

used to create a transfer function over the entire s-band space. This process is 

repeated several times to build up a transfer function for each band over the 

entire region of interest. Each transfer function is then inverse Fourier 

transformed to get a PSF and place this into a 1024X1024 H matrix that 

describes the system. Using the to get the pseudo-inverse, the 

original signal is retrieved. Applying this inverse to each spectrum from Figure 

66 and reconstructing again, the result is reconstructions that resemble complete 

polarization. 

Horizontally polarized Vertically polarized green 45° polarized green LED 
green LED LED 

Figure 69: Reconstructions from deblurred spectra 
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The horizontal and vertical polarized reconstructions were not affected much, but 

the 45° polarized reconstruction has improved dramatically. This is because it is 

carried on a higher frequency, which has a higher attenuation In the MTF of the 

system. Now that there is a good reconstruction in over-sampled data, attention 

is directed to using the sub-Nyquist reconstruction technique to reconstruct 

under-sampled data. 

12.5 Sub-Nyquist Reconstructions 

To simulate a spectrometer with less resolution, the data was rebinned to 

produce undersampling. This is analogous to giving each spectrometer pixel 

more area, but reducing the overall number of pixels while leaving the grating 

blaze unchanged. Before starting, the impact of different degrees of rebinning 

must be understood to look at where undersampling begins and when the limit of 

the technique has been reached. The total bandwidth goes as 1/Aa, so as Aa is 

increased, the bandwidth decreases. For this system, we have allotted 18.6 pm 

for each channel and there are 9 channels in the total spectrum. This means the 

minimum bandwidth necessary to reconstruct at Nyquist rate is 167 pm, or Ao = 

0.007 pm'\ The limit of the sub-Nyquist reconstruction shown in Figure 65 is at 6 

channels or 111 pm. For this example, the spectrum was rebinned to produce a 

bandwidth of 142 pm. This is a 14.5% decrease from the bandwidth needed to 

sample at Nyquist rate and is what will be used as a gauge of the technique. The 

Fourier transform of the original 45 degree polarized spectrum and the rebinned 
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spectrum are shown in Figure 70. After rebinning, the same deblurring technique 

is applied to account for the spectrometer's decreased resolution. The outer 

lobes are now encroaching on space that was previously wasted in the 

oversampled system. 

AU AU 

nil 
-100 -75 -50 -25 25 50 75 100 

s/p,m IM 
-100 -75 -50 -25 25 50 75 100 

Oversampled Fourier spectrum Undersampled Fourier spectrum 

Figure 70: Comparison of Fourier spectra 

The results of doing the reconstruction on all three under-sampled test spectra 

plotted in Figure 71. The over-sampled reconstructions are also plotted as 

dashed lines for comparison. 

o (Iini •") 

Horizontally polarized 
green LED 

Figure 71: Reconstructions from undersampled deblurred spectra 

Vertically polarized green 45° polarized green LED 
LED 
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In Table 5, we compare the summed error over the spectra for each component. 

The reconstructions compare favorably to the reconstructions of the oversampled 

spectra. The S3 component seems to have a large amount of error. A visual 

inspection reveals the signal is near zero for all three examples as expected and 

small deviations for such a low signal will show up as a large error because of 

the choice of the merit function. 

Table 5: Percent error in undersampled components 

Stokes Horizontal Vertical 45° 

component reconstruction reconstruction reconstruction 
error (%) error (%) error (%) 

SO 0.002 0.002 0.002 
S1 0.006 0.104 2.861 
S2 2.542 14.671 1.463 
S3 14.534 109.477 24.709 

12.6 Summary 

For wavelength regions in which high resolution spectrometers are either 

not available or expensive, the sub-Nyquist sampling technique allows all Stokes 

components to continue to be extracted using the channeled spectropolahmetry 

technique. The error incurred due to the loss of information is minimal and the 

decrease in necessary bandwidth is significant. The technique can further be 

applied to any channeled spectropolarimetry setup'^ since all manipulations are 

done after the spectrum has been captured. Further research can be done on 

extracting the data even when the outer lobes begin to overlap the inner ones by 
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knowing the nature of the overlap and then subtracting the overlapped spectrum 

from the reconstruction. This could reduce the minimum required bandwidth by 

up to 43 %. 



129 

CHAPTER 13: FUTURE WORK 

Although much insight has been gained through the process of building and 

testing the SWIR CTICS, there remain new enhancements to this system and the 

overall technique that can be explored. 

13.1 System modifications 

The low sensitivity and fixed integration time of the camera forced all the objects 

reconstructed to be sources themselves rather than reflections off objects. With 

a more sensitive type of FPA material, such as InGaAs, and a variable 

integration time, the CTICS can also be used to image objects outdoors. The 

start of this process has already begun by switching the 801X512 PtSi camera 

out with a 320 X 240 InGaAs camera. The ratio of the pixels between the two 

cameras and decreased spectral range (the InGaAs is only sensitive to 1.7 ia,m) 

is such that the 5X5 orders are still located inside the area of the smaller FPA, 

but with obvious decrease in resolution. The decrease in resolution prohibited 

the reconstruction of polarization information, but the images taken outdoors 

prove that, with a larger array, the CTICS system is capable of outdoor imaging. 

13.2 Alternative calibration technique 

The calibration of a system of this type had, to this point, never been 

attempted before and it has some unique challenges associated with it. In our 

previous calibration technique, once the modulated spectrum has been 
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reconstructed, the polarization information still needs to be extracted. This is 

done by simply taking the Fourier transform of the modulated spectrum, masking 

off each component, shifting, and taking the inverse Fourier transform. This 

makes the assumption that the retarders can be completely characterized and 

the MTF of the system is characterizable across the entire spectrum. The CTIS 

has the unique difficulty that the MTF may be dependent on the spatial and 

spectral characteristics of the scene being imaged. In this case, this technique 

would be useless, unless the MTF for each scene is analyzed. A technique is 

proposed which involves creating an H matrix that includes polarization 

calibration so that reconstruction is a simple process of "inverting" the matrix to 

reconstruct all 4 Stokes cubes. The calibration system is shown in Figure 72. 
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Figure 72: Modified calibration system 
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Although each calibration image is monochromatic, the entire H matrix includes 

polarization and spectral response information for all wavelengths. For each 

band in the 1.25-2.08 um region, the polarization state generator will be used to 

create several polarization states so that polarization as well as spectral 

information is included in the H matrix. The implementation of this involved 

adapting the H matrix formation software that was written for CTIS. In order to 

use this existing code, the polarization states generated by the user must be 

orthogonal to each other and must have the form shown in Equation (13.1.1). 

(13.1.1) 

'0' '0' 

0 1 0 0 

0 0 1 0 

.0. .1. 

These are not polarization states that can be generated by any physical means 

using a polarizer and retarder. The way this was resolved is to have the 

polarization state generator generate many different polarization states spread 

out on the Poincare' sphere and then use combinations of the polarization states 

to create the pseudo-polarization states necessary for the H matrix. We can 

model this problem in matrix form in Equation (13.1.2). 

^1 0 0 0^ 

0  1 0  0  
Sf 

0  0  1 0  

vO 0 0 1 

(13.1.2) 
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S is tlie matrix of polarization states generated in the calibration process and f is 

the matrix of factors we need to multiply by to get the pseudo-states. By taking 

the inverse of the S matrix and multiplying it on the left of the pseudo-polarization 

state matrix (Equation (13.1.3)), the factors to multiply the S matrix by for the 

creation of the pseudo-polarization states are known. 

f = S-'I (13.1.3) 

This was implemented in the CTIS by taking all the polarization state images for 

one calibration wavelength and combining them to create 4 new images with the 

orthogonal polarization states. 

P-state 1 non-zm) values of image .. 

P-state n 

^P-state 1 non-ZQTO values of image 

f = 

V P-state 4 ••• ..., a=coast \ /o=const 
(13.1.4) 

Once completed, the images could be sparsely stored as an H matrix as before 

with only one extra loop in the code to run through polarization states as well as 

wavelengths. A trial run was done with simulated CTICS images for the SWIR 

system. Inputs of 10 nm width over the 1.25-2.08 jim range were sent through a 

horizontal polarizer and quarter-wave retarder, for the polarization state 

generator, and then two thick retarders and a polarizer, to simulate the 

channeled spectropolarimetry. The quarter wave retarder was rotated to 6 

different positions (0-, 15®, 30-, 60®, 135®, 165®) to create 6 polarization states 
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simulated SWIR CTIS to create 6 polarization images for each of the 83 bands. 

A program was then used to determine the right combinations of these images to 

create the new pseudo-polarization images. The corresponding CTICS 

calibration images (overlapped in wavelength to save space) are shown for the 4 

pseudo-polarization states in Figure 73. Figure 73(a) is the 83 overlapped 

calibration images for an unpolarized input. Figure 73(b) is the 83 overlapped 

calibration images for a horizontally polarized input. Figure 73(c) is the 83 

overlapped images for a 45 degree polarized input. Figure 73(d) is the 83 

overlapped images for a right circularly polarized input. In total, there are 332 

calibration images that comprise the new polarization H matrix. False color was 

used in attempt to highlight the orders. 
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(d) (c) 

Figure 73: H matrix composed of 4 PseudoStokes matrices (SO to S3 clockwise) 

These new images were sparsely stored as an H matrix. The next step was to 

create a simulated object. The object is a horizontal line in spatial extent and is 

completely horizontally polarized (Figure 74). 
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Figure 74: Horizontally polarized line object (zero order is suppressed to show other orders) 

What was found in reconstructing this and other objects, is that although the 

spatial extent of the object was reconstructed correctly, the reconstruction 

program tended to want to weight each polarization state equally. Two examples 

of reconstructions for an unpolarized gaussian spectrum and a linearly polarized 

gaussian spectrum are shown in Figure 75 and Figure 76. In each reconstructed 

spectrum, the Stokes vectors for one spatial location are displayed in a row, i.e. 

So goes from 1255 to 2075 nm, Si goes from 2085 to 2905 nm, etc. This was 

only done to display all 4 Stokes components at the same time without having to 

redo the display function of the reconstruction program. 
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Figure 76: Linear horizontally 
polarized gaussian spectrum 
reconstructed using 5 iterations of EM 

So even though the object may only consist of So and Si component, the S2 and 

S3 component would also be present with the same shape. A forward operation 

using the H matrix on the reconstructed object created an image that looked 

nothing like the original image. There was very little success in solving this 

problem, but there were several key points that may shed some light on the 

cause. Both EM and MART are not well suited to reconstructing using this matrix 

since the object may be negative. If a positive object is used for the initial 

estimate, then both EM and MART will never guess a negative. If an initial guess 

of negative is used, the algorithms do appear to be able to find the object. It was 

found though that the reconstruction algorithms were only able to reconstruct 

objects if they only consisted of one Stokes component and even then an initial 

object had to be used that also only consisted of that component. Several 

methods taken from work done by Derek Sabatke, such as a "smoothing" 

operator and projection operator onto a Stokes cone, were added to the 
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algorithms to confine the object space, but this also was met with no success. 

Further work is necessary in refining the algorithms used to reconstruct the 

object before this calibration technique can be implemented. At this time, Jim 

Scholl of the University of Arizona is working on a method using wavelet 

transforms that may solve this problem. 
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CHAPTER 14: CONCLUSION 

The objective of building and analyzing a snapshot imaging 

spectropolarlmeter has been obtained. The system, dubbed CTICS, is a hybrid 

of CTIS and channeled spectropolarimetry technology and has been verified by a 

polarization state generator. Both the set up procedure and image capture and 

processing software are reliable, durable, and user-friendly. It has a 54X46 

spatial resolution and 70 bands of spectral resolution from 1.25-1.99 nm. The 

system can be used to look at and catalogue objects with unique spectral 

signatures in the SWIR. This particular region of the spectrum has applications 

to many areas of interest, such as target recognition for the military and mineral 

identification for the mining industry. The added dimension of polarization 

detection can also be used to search for different substances that are 

characterized by their polarization signature in the SWIR. Most importantly, all 

spatial, spectral, and polarimetric data is collected in a snapshot, the first system 

of its kind ever to be produced. The development of this system will allow further 

exploration of the spectral and polarization characteristics of the short wave 

infrared even in dynamically changing scenes. 
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