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Abstract

Broadband fulStokes polarimetry can capture polarization images over a wide
wavelength spectrum, for example visible spectrum (380nm to 740nm), near infrared
spectrum (780nm to 2500nm) or both. In this dissertation, we discuss several topics on
designing a broadband ftfitokes polarimeter and then demonstrate two polarimeters

experimentally.

We first study two theoretical problems, the first one is the optimized sensor design
for color polarization imaging. This includes three parts, the tiling of N types of optical
filters on a 2D rectangular grid that minimizes interpolatioonrethe choice of color
filters and the choice of analyzers, to minimize the influence from noise on color

polarization reconstruction.

The second problem is how to design achromatic polarization elements. This is the
key to enable broadband polarizatreasurement. We analyze a special case that uses
two linear retarders of the same birefringent material and one linear polarizer to achieve
an achromatic elliptical polarizer/analyzer. We also address several concerns on choosing

the right achromatic anatgr design for polarimeters.

Two types of RGB fuliStokes imaging polarimeter are constructed, calibrated and
tested. The first one uses a beam splitter and two {Biedes cameras to form a
division-of-amplitude polarimeter. The second type appliesti@peed micreretarder on
a pixelated wirggrid micro-polarizer to form a divisiof-focal plane polarimeter. Both

can capture the intensity, color and polarization of an optical field in a single shot.
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Chapter 1. |l nt roduct i

1.1 Stokes vector, Poincag sphere and Mueller Matrix

The polarization of light is therientation of its electric field oscillation. It issually
characterized by the Jones vecattren dealing with coherent lighdr by the Stokes
vectorwhen dealing with incoherent lightvhenwe measure the intensity response of a
polychromatic light through horizontal linear analyzer, vertical linear analyzer, 45%%inear
analyzer, 135°%inear analyzer, right circular analyzer and left circular analyzer,
respectivelywe will have six intensityneasurementsi, lv, las, l13s, Ir, IL. The Stokes

vectorSand the normalized Stokes vecsaran be then computed as:

élsj gel +l, @ 1(‘? 2 1e
NS IR
gsz 3245 I135 3 %g L@/ §
&S uelstl. 0 sé t@%

(1.11)

The polarization of any polychromatic light can be completely described by the Stokes
vector. TheS is the total intensity of the light. Ti& andS contain the information of
the amount and orientation of linear polarization in this light. Sgt@ntans the

information of the amount of circular polarization in this light.

The degree of polarization (DoP), degree of linear polarization (DoLP), angle of linear
polarization (AoLP), and degree of circular polarization (DoCP) can be derived from the

Stokes vector:

bop= ST g

2 2
DoLP:—S'LS:-S S i
AoLP——tanlasz g=—1tan 8
S S
DoCP=§ =S
S (1.1.2)



19

The DoP ranges from 0, which means it is unpolarized, to 1, which means it is fully
polarized. The DoLP ranges from 0, which means it has zero linear polarization tendency,
to 1, which means it iully linearly polarized. The AoLP ranges froi@0°to 907
indicating the orientation of linear polarization tendency. The DoCP rangesXrom
which means it is fully lefhanded circularly polarized, to 0, which means it has zero
circular polarizationgndency, to 1, which means it is fully riginded circularly
polarized. When neither DoCP and DoLP is zero, the state is between linearly polarized

and circularly polarized. It is then called elliptical polarization.

ThePoincarésphere is a geometricadpresentation of the Stokes vector. In this
representation, a polarization state can be represented by the pantfpin 3D
Cartesian coordinates. Therefore, all fully polarization states are located at a unit sphere,
in which the linear polarizadn is located at the equator and the circular polarization is
located at the poldigure. 1.11 (left) shows the location of several polarization states on

the Poincarésphere.

Right circular

) polarization o
135° linear Vertical linear
polarization \ +S, polarization +S,
\ / —< Output
~N -~ ~N -~

+s/ \+S +S/ \+S
1 2 1 \ 2
Horizontal linear / l 450 “f‘ea.r Input | Fast-axis
polarization polarization
Left circular
polarization

Fig. 1.11 (Left) Location of 0?45f907135°linear polarization and right/left circular
polarization on Poincarésphere. (Right) The operation of a retarder can be described as a
rotation transform about its fast axis. The-t#de arrow depicts the rotation.

An important reason of thHeoincar&s p her e s p o p uperationofay i s t hat

arbitraryretarder can be understood as a rotation transformatiafomcarésphere.
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Considering a polarized light entering a linear retarder, if we represent the input
polarization state and output polarization statéwaypoints on thd?oincarésphergof

which the coordinates are the Stokes vesors, s, then the output state can be

obtained by rotating the inpatateaboutthe fastaxis (the eigenpolarization) by its
retardance. Figre1.11 (right) shows an example of theatibn transform by a quarter
wave plate (90°retardance) with its fast axis at 45° The horizontal linear polarization
input, of which the coordinate on Poincarésphere is [1 0 0], is rotated about the fast axis
atS axis by 90 The new coordinate aftdre rotation is [0 O 1], which is the north pole
and represents right circular polarization. This result matches the common knowledge,
that a linearly polarized light can be transformed into circularly polarized light through a

guarter wave plate at 45°

The Mueller matrix describes the transformation of Stokes vector when the light goes
through a polarizatioaltering element. The relation between input Stokes v&gtor

output Stokes vectdkytand the Mueller matrii is:

gso g Mo My M M g%g
Sout = éslom u:MS'n é_mlo m, m, Ny Ugé
Ac out U A l:l é
gszom U gmzo m, m, MMy 02§
S 0 an, my; m, m;y (1.13)

Here the first row of the Mueller matrikm,, m, m, my, is called the analyzer

vector. It determines how much light can passes through which depends on its
polarization, since the dot product of analyzet@eand input Stokes vector is the output
intensity &).

SM=AT [Fp m m n] g1 s S s (1.14)

Analyzer vector is important because most of the existing sensors are only able to
measure the intensity directly. In order to measure the polarization, thadigiis to go
through different analyzer vectors before the intensity measurement at the detectors. The
measured intensity shall be related to its polarization. That is the key principle of the
polarimeter described in this dissertation.

Polarimetry is thescience of polarization measurements. It has many applications such

as remote sensing, biomedical imagiagdinterferometryto name a fewl1-10]. This
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dissertation is mainly about broadband Stokes polarimetry, which means measuring the

Stokesvector over a relatively wide spectrum.

1.2 Polarimeters

The Stokes vector can be estimatedNiN>=4) intensity measurements of light
passing through differepolarization element§ he measured intensitycan be related

to the Stokes vector in matrigrm.
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(1.2.1)

HereSrepresents the Stokesctor, andl is anN-element vector that contains all
measured intensities. The measurement matrix, denotéd isya Nby-4 matrix, with
each row representing the analyzer vectars measuremer@bviously, we need at
least 4 measurements to solve all 4 unknowns in the Stokes vector NAfgethe
measurement is redundant, and the solution to the Stokes vector should be the best fit of
the least squares problem. Therefave takethe pseudenverse of the measurement

matrix, and multiply it byl, to reconstruct the Stokes vector.

S=W I (1.2.2)

Polarimeters are devices that measure the Stokes vector of incoming light. It can be a
point polarimeter thaneasures only single beam. Or it can be an imaging polarimeter,
when its detector is a focal plane array. In this case, image of the Stokes vector can be
taken by putting the detector on the focal plane of an imaging lens. Polarimeters are
classified by tkb way to measure intensity through varying analyzers. Details of these
classification can be found in previous literaturEs12]. Here we are just going to give

a brief summary on that.
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Fig. 1.21. Examples of the division of time (a), the divisionamhplitude (b), the division
of aperture (c), and the division of focal plane (d) polarimeters.

The simplest type of polarimeters is the divisafrtime, in which intensity
measurements through different polarization analyzer are made sequentially in time
[13,14. Figure1.21 (a) shows an example of the divisiofitime polarimeter, in which
a rotating linear polarizer is put in front of the detector. The detector makes several
intensity measurements when the polarizer is at different orientations. It is worth to notice
that te rotating polarizer analyzes linear polarized light only. So, this polarimeter can
only measure the linear polarization, which excludes the S3 in the Stokes vector. This
type of polarimeter is often called the lin€gtokes polarimeter, compared to th#é-f
Stokes polarimeter that measures the full Stokes vector. In order to make this polarimeter
into full-Stokes, the polarizer is fixed and a rotating waveplate is added before the
polarizer. The rotating waveplate combined with the fixed polarizer becaweasable

circular/elliptical analyzer. The divisieof-time polarimeter requires longer acquisition

time and doesndét work well for rapidly chang
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The divisionof-amplitude polarimeter and the divisiofitaperture polarimeter make
separate intensity measurements by splitting the incoming light into multiple optical
paths, while different paths experience different polarization analyzations. The main
difference between the two is that the divisairamplitude uses multiple sensdos
serve different optical path$5], while the divisiorof-aperture uses a single sensor and
divides the sensor into several domdi-18]. Figure1.21 (b) shows an example of the
division-of-amplitude polarimeter that utilizes beam splitters to @itk incoming light
into four paths, guide them into four different analyzers, and measure them separately.
Figure1.21 (c) shows an example of the divistioftaperture polarimeter that utilizes a
diffractive element that diffracts the incoming lightaribur diffraction orders. The
detector is divided into four domains to measure the four orders individually. The
diffractive element can be polarization sensitive, such that the diffraction itself acts as an
analyzer and each order selects different pa#ion. Or it can be neeensitive to
polarization, in this case additional analyzers should be added side by side between the
diffractive element and the detector. Both the divissbamplitude and the divisieaf-

aperture polarimeters require sensayrahent or image registration.

The divisionof-focalplane polarimeter integrates migpolarization analyzers into
pixelated sensors, such that neighboring pixels have different polarization anal$zers |
24]. This type of polarimeter will be mainly disssed in this dissertation. fige1.2.1(d)
shows an example of the divisiofi-focatplane linear Stokes polarimeter. A micro linear
polarizer array is added in front of the pixelated sensor. Each micro polarizer serves one
pixel as the analyzer. The palaeter becomes full Stokes if the linear polarizer is
replaced as circular/elliptical analyzer. Co
require either long acquisition time or accurate image alignment. But it will take more
efforts to fabricatsuch a pixelated polarization analyzer in micro scale. Also, when
using this type in the imaging polarimeter, the instantaneous fields of view (IFOV) of
neighboring pixels dondét overlap. This means
same locationmmthe object. This kind of error can be reduced by applying appropriate

interpolation techniques, which will be discussed in the following chapter.

In the first part of the dissertation, we will discuss the optimized design for a division

of-focal plane ptarimeter. This includes two parts, the tiling of different pixels and the
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choice of color polarization filters. Then, we will talk about achromatic polarization
elements, which are the key to enable broadbandtakes measurement. Finally, two
approacks of RGB fullStokes polarimeters are shown. The first one is the combination

of division-of-amplitude and divisiowf-focal plane. While the second one is solely
division-of-focal plane. We also include other interesting ideas of polarimeters in the
Appendix, which have been validated by theoretical simulations but are not demonstrated

by experiments yet.
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2.1 Background

Broadband fulStokes polarimetry includes both the color measearg and the
polarization measurement. The goal of broadbandStadkes polarimetry is to measure
the full Stokes vector on a wide spectrum range. This can be either measuring the overall
Stokes vector integrated on the entire target spectrum or divtiengpectrum into
several wavelength channels and measuring the Stokes vector of each wavelength
channel. While the former measures polarization only, the latter further includes the
measurement of color, in other words, masftiectral measurement. Thenefoit is

necessary to investigate the best way to measure both color and polarization.

Without optical filters, conventional focal plane arrays (FPA), such as chargded
device (CCD) and complementary maetaide semiconductor (CMOS) device, have
broal color response and are both color and polarization blind. For example, silicon
sensor is sensitive from ultraviolet (~300nm) to near infrared (~1100nm) wavelength
ranges. To create a color image, a color filter array (CFA) such as the Bayer filter,mosaic
with red-greenblue (RGB) color filters, is often used in digital image sensors to measure
colors R5]. To create a polarization image, a migralarizer mosaic, with linear,
circular, or elliptical polarizer, is integrated with the digital image serieareasure the
Stokes vector]9-21,26,27. Most existing designs are optimized to measure three colors
and four polarization states, in other words, using three kinds of color filters to measure
the color, and four kinds of analyzers to measure the Staaor. This can be further
extended such that the number of color filters and analyzers is an arbitrary ™NirRber
color measurement, that means dividing the spectrunNii@nds and usinly kinds of
color filter to measure the intensity at eachddror polarization measurement, that
means usingl kinds of analyzers to measure thelément Stokes vector. The
investigation of this extended topic can be generalized into two parts. The first part is the
best tiling ofN types of color polarizationlfers on a square grid. This is important when

building a divisionof-focalplane color polarimeter. The second part is the optimized

C
ma g
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selection of color filters and polarization analyzers. This part applies to all types of color

polarimeter.

In the following sections, we discuss these topics separately. In Section 2, the
optimized tiling configuration foN filters are determined fd¥=2 to N=9 by minimizing
the error of the bicubic spline interpolation and frequency domain aliasing. In Section 3,
the optimized colofilter selections foN=2 to N=7 are presented. In Section 4, the
optimized analyzer selections fdr~4 to N=30 are presented, artde solutions are
compared with the solutions of the Thomson problem. In Section 5, the results are
applied to the design of a three colors full Stokes polarimeter. This design combines one
layer of color filter array and one layer of analyzer array, fdtth an optimized tiling, to
achieve a singlsensor solution. These designs have applications in multispectral
imaging where many wavelength bands are sampled simultane®8isinfl in precision
polarization imaging where multiple polarization statesinne measured repeatedly to
increase signal to noise ratio (SNR}]J. The detection of color and polarization
information in a singlesensor solution can be achieved by utilizing both CFA and micro
polarizer array on a FPA. Such sensor design can lemddmpact, high speed and
vibrationinsensitive instrument that can simultaneously measure the complete Stokes
vector at multiple wavelength bands. Applications of such an instrument include

biomedical imaging, material characterization and classificatimhremote sensing.

2.2 Tiling of N filters on a square grid

In this section, we examine the problem of tildglifferent type of filters. The filters
can be color filter, polarization filter or both. A square grid is considered as the pixel in
many exsting FPA is designed to have a square arrangeiflea filters are tiled
periodically to cover the entire FPA. A fractiondN of the total number of pixel,
representing each type of filter, is sampled on the square grid by putting one set of filters
on the selected pixel (Fig. 2.2.1). The pixel pattern of each type of filter forms a two
dimensional (2D) lattice. The sampling pattern is repeated for adjacent pixels and another
set of filters is put in, until the entire grid is filled up witkdifferent types of filters. For

the purpose of our discussion, we assume the 2D lattice is infinite so the edge effect is
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neglected. For each set of filters, data is only measured on the sampled pixels, and
interpolation technique is required to reconstruct datatber pixels. The optimal tiling
configuration is determined by minimizing the error of the interpolation. Here the
standard technique of bicubic spline interpolation is used, which has been proved to give
the smallest error compared to other interpotatechniques (bilinear, bicubic, and so

on) [29]. For each type of filter, the sampled pixels can be connected by parallel lines,
and cubiespline interpolation is performed along these lines. A second-spbie
interpolation is done in therthogonaldirection to recover the entire plane, based on the
result of the first interpolation. Figure 2.2.1 shows two ways to do interpolation with the
same sampling pattern, based on different connection lines. Hereby the interval of first

cubicspline interpolabn is denoted by, the second is denoted byand N = ab.

Fig. 2.2.1. Schematics of two different ways for interpolation with the same sampling
method. The connection lines are represented by dashed lines.

The error bound for bicubispline interpoltion on rectangular grid has been analyzed
in a previous papeBp]. The maximum deviation between original functfaand
interpolated functioski s r el ated to the maxi mum value of
and the interpolation intervals oraxis and yaxis, which are hereby denoted yand

hy. This relation is given by

“(f - 5 )(k,l)”n ¢ 0, Lk“f @1 ”u ek

+ 0, 0y f(z,z)”u hfkhihl

o K4k el
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(2.2.1)
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Herek andl| are the order of derivative. E.21) canbe rewritten in the following

form:

4 I(04) b4g lﬁ

[(2.2)
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o &l (4,0 2
a ¢U4,O§|Erue) true N

"Itrue'I
(2.2.2)

Although this equation is derived with rectangular sampling grid, it will be a good
approximation for our case, since both cases perform two-spbie interpolations in
orthogonal diection, and the only difference is between a rectangular grid and an
arbitrary grid. The optimal tiling is found by minimizing the error of interpolation with a
givenN. For a general image, it is reasonable to assume that the local distribution of the
image is approximately isotropic, which means the maximum derivative is identical in
different directions, so the first term of the right side of RiR2) is proportional to
a*+b* Given thalN is a constanthe second term of EqR.22) is a constaniTherefore,

the optimal tiling configuration should have a minimum valua’eb*.

e
A
T 3

Fig. 2.2.2. "he optimized tiling configuration foN=2 to N=9. The direction of first
interpolation is represented by a black arrow, while the second is represented by the white
one. The unit cell is encircled by bold line. Note that the unit cell is not unique. There can
be more than one unit cell for eahAlso, there are multiple solutions for N=4, 8, and 9.

(1)




29

For arbitraryN, the optimized solution can be obtained by calculatingthb* of all
possible sampling patterns and then finding the minimum one. Figure 2.2.2 gives the
optimized tiling configuration foN=2 to N=9. At N=4, 8, 9 there are multiple solutions

that have the same interpolation gap.

Another way that may help to distinguish between these solutions is frequency domain
analysis. This type of analysis has been used in filter array desigolor and
polarization imaging31-37]. If the sampling pattern in Fig. 2.2.1 is regarded as a 2D
lattice, then this sampling pattern can be defined by its lattice vestgs,,a, and
b=gb.h, . Figure 2.2.3 shows two possible lattice vectors of the same sampling pattern.
There are two requirements on lattice vector selection. One is that their cooedinate
b, andb, must be integers, since we are sampling on a square grid. Another is that the

unit cell area, which is the cross product of two lattice vector, is eqbilsio the
sampling pixels ar&/N of all pixels. This is written as:

o] =

[ab, - ab| =N (2.2.3)

. .

Fig. 2.2.3. Schematics of two different ways to define the lattice vector of the same
sampling method.

The coordinate of all sampling pixels can be generated from every possible

combination of multiples of two lattice vecso
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Heremandn are arbitrary integers. If we apply this sampling to a fund(oy), then

the sampled function can be written as:
f.(xy)= f(x wg_ndgr {ma ﬁt) fg

=f(xyadgx{ma #b) gy (ma nf

(2.25)
Apply Fourier transform on it:
F.0 B=F( X) /ﬁaexp{ 12 ¢ fmay nb) (masr ni }g
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The result is the summation of a series of copies@®f », which is the frequency
spectrum of(x,y). The locations of these copies in frequency domain are the combination
of multiples of the reciprad lattice vector. In physics, the reciprocal lattice is the Fourier

transform of another lattice.

(X /r%)zm*é}\ by b, o é‘_a\/ >
e A Eb-ah’ 3 -ah 8*“* & -3h ah gb (2.27)
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Sampling
lattice
Spatial
domain

Fig. 2.2.4. (Top) Three different sampling patternNe®6. (Bottom) The reciprocal lattices
show the locations of frpiency spectrum copies in frequency domain. The shortest lattice
vectors (the black arrows) are {[1/3, 0], [1/6, 1/2]}, {[1/3, O], [0, 1/2]}, and {[1/6, 1/3], |
1/3, 1/3]} respectively. The third lattice (the right most one) is found to have the largest
gap between its reciprocal lattice points.

Eq. (2.27) is one of the possible lattice vectors of the reciprocal lattice. Given this, we
can draw the layout of the reciprocal lattice, which represents the location of frequency
spectrum copies in frequency domain. Then the shortest possible lattice veci®r of th
lattice is calculated and regarded as the gap between those copies. This process is
illustrated in Fig. 2.2.4. Three different sample patterrid=d are transformed into their
reciprocal lattices in frequency domain. In order to reconsffxig) from the sampled
function, we want to maximize the gap between these frequency spectrum copies in order
to avoid aliasing. Therefore, the optimization problem now becomes finding the lattice
vector a and b thatenables the largest reciprocal lattice gap, with the constraint that the

vector elements are integers and satisfy(EQ.3.
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N=5

N=2 N=3 N=4
N=6 N=7 N=8
Fig. 2.2.5. e tiling configuratioroptimized for minimum frequency domain aliasifiog

N=2 to N=9. The lattice vectors areepresented by the two arrows. The unit cell is
encircled by bold line. Note that both the lattice vector and the unit cell are not unique.

Figure 2.2.5 gives the optimized tiling configuration that maximizes the reciprocal
lattice gap and therefore minineiz the aliasing in frequency domain. Now the solution is
unique for allN. These solutions are a sgloup of the solutions in Fig. 2.2.2. It resolves
the solution degeneracy ldt4, 8, Q These optimized tiling configurations with the
interpolation styledescribed in Fig. 2.2.2 are applied to several test images, along with
other noroptimized configurations, to verify the performance of the optimal tiling. The
criteria to choose neaptimized configuration is that the ratio between two interpolation
gapsshould not exceed 2. A commonly utilized measure of evaluating interpolation

algorithms is the mean square error (MSE)

MSE = — a a (lrue(i ) - Iinterpolated(l!l))2
16iEM 16jEN (2.28)

wherelyue(i,j) represents the value of the reconstruction point in original image, and
linterpolated,]) represents the interpolated value of the reconstruction point after performing

the interpolation.
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Fig. 2.2.6. Images used for interpolation: (A) vegetablesfr(B)s and (C) chess pieces.

The MSE of different tiling methods for the images: (D) vegetables, (E) fruits, and (F)
chess pieces. The degenerate solution in Fig. 2.2.2 is indicated by green dots for
comparison.

Figure 2.2.6 shows the MSE curves of bicuttine interpolation for three different
images with different tiling patterns froM=2 to N=9. As expected, MSE increases as
nontoptimized configuration is used and is found to vary roughly linearly Mithhe
MSE of the optimized tiling configuratios found to be the smallest in general, as shown
by the red curve in Fig. 2.2.6. The degenerate solutions in Fig. 2.2.2 are very close to the
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optimized solution in Fig. 2.2.5. This is expected since they have the same interpolation
gap. Although calculatiois performed up td=9 in this paper, our conclusion is

expected to hold true for larger valuehof

One interesting finding is that our optimized solutionMet3 contradicts the widely
used Bayer filter array for RGB color imaging. Figure 2.2.7 shbesdmparison
between two designs. The two tiling patterns are divided into the sampling lattices for
red, green and blue and transformed into their reciprocal lattices respectively. Our
optimized solution foN=3 is an asymmetric case, where the samphierval at 135°s
1.5 times of the interval at 45? And the gap of reciprocal lattice in 45°s lower than in
135? However, in realistic scene the frequency spectrum is isotropic and usually has
higher signal at lower spatial frequency. So, this asymenggsign avoids the chance of
aliasing in 45°at the cost of higher chance of aliasing in 1357 As for Bayer filter array,
the red and blue filters are tiled ilNa4 fashion while the green filters are tiledNix2,
and both are symmetric. Although tiezl and blue are slightly worse than N3
design, the green gets much better. In general, the Bayer filter array is likely to have a
smaller interpolation error than tiN=3 optimized design. This comparison reveals a
hidden assumption for our optimiiat, that the numbers of each type of filters are the
same. In reality, these numbers can be different, and the optimization problem can be

more complex.

i 1
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Fig. 2.2.7. Comparison between our optimized tiling Ns13 (left) and the Bayer filter
array (righy: (Top) The tiling patterns of our optimized tiling f=3 (left) and the Bayer
filter array (right). (Middle) The tiling is divided to the sampling lattices of red, green and
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blue. (Bottom) The sampling pattern is transformed into its reciprocal l&ttiseow the
locations of frequency spectrum copies.

2.3 Optimized sampling of color spectrum usindN measurements

Traditional camera utilizes Bayer filter to obtain a color image. However, this kind of
camera can only measure three wavelength batdsh represent red, green and blue
lights. To capture a multispectral image, additional filters for different bands are required.
In this section, the configuration of N color filters for optimized sampling of the color
spectrum is presented. The optindzet of filters can be found by minimizing different
noise components or by maximizing transmission. In general, the measurement noise has
two components: a signal dependent part such as the shot noise of light and a signal
independent part such as datkrent noise and reaalt noise B8]. The exact magnitude
of the two noise components depends on the type of sensors and operating conditions.
For the purpose of illustrating the different designs, the cases where only one component
of the noise is dominamre considered. Our analysis can be easily extended to the case

where the exact magnitudes of the noise components are known.
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Fig. 2.3.1. The transmission spectrum Nf= 3 color filters and the corresponding
transmission matrix.

For the analysis of measurement\od$pectral bands, the absorption spectrurN of

filters can be expressed by rby-N transmission matrix39]. Each filter corresponds to
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one row in the matrix. Ailter can absorb or transmit one specific band, which is
respectively represented by 0 or 1 in a row component. The overlap of individual
transmission band is assumed to be small. For more elaborate analysis, this number can
be represented by a numbenbeen 0 and 1. Figure 2.3.1 shows an example of-three

band filters and the corresponding transmission matrix.

By denoing the intensitypassinghrough then' filter by in, the intensity of the
incomingn™ band bybn, and the transmission matrix Bythe following equation relates
the incoming and transmitted light at different bands.

i . i =T .o by
I =TB (2.3.1)

B can be derived frorhby multiplication with the inverse of transmission matrix,
by .. . by =T, .. .. iyJ

N
bn = a (T-l)nmim
m=1 (2.3.2)

When a signal independent noise, such as detector noise, is dominant, it is reasonable
to assume that all measurements have the same noise variance, dgivéridipws

from Eq.(2.3.9 that the variance df, is

N

Vo =02 | (T
m=1 (2.3.3)

Including all the components 8f the summation of all variances is

N N
V=02 1/éi a (™
m=1 n=1 (2.3.4)

A detector noise factor (Nkecto) can be defined to be

N N
NFdetector: V/NfJ = a a (T_l)ﬁqn /N
V=t n=1 (2.3.5)

Here the factor is related to the sum of the squares of all elements in the transmission
matrix6s inverse and includes only the signa

transmission matrix can be found by minimizing the noise factor it2E8}5. For a
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givenN, there areV’ (N1)? combinations of transmission matrices. MATLAB is used to

find all unique transmission matrices for a giwgrrepresenting all possible absorption
spectrums foN bands. The matrix with the minimum noise factor is fbéor the cases
of N=2 to N=7, and the results are listed in Table 2.3.1. The optimized matri¥=2iis
a submatrix of the optimized matrix fhi=3. This trend continues unti=6 and ends at
N=7.

Table 2.3.1 The transmission matrices forN=2 to N=7optimized for detector noise factor

N 2 3 4
. 110
Optimized 1 01 011
Transmission ‘oil 10 100
i 11
Matrix Lo 1
N 5 6 7
1111000
11100
1110 0011101
imi 0010 001101 0101110
Optlmlzgd_ o 1001 1
Transmission 0 0 1 1 01010 0110011
i 0101 1001011
Matrix 10010 1
100 1 1010110
10111
110010 1

Alternatively, the optimized transmission matrix can be found for the case where the
noise is dominated by photon shot noise. In this case, the noise variances of all
measurements are no longer constant. Assuming that the incident light is equal for all
bands, the result of thei™ measurement will be proportional to the summation of all
elements in thet" row of transmission matrix. Since the shot noise is proportional to the

square root of intensity, E(R.3.3 can be rewritten as

Ne L, N _ 8
Vn a é(T- )nma kal:J
m=l§ k=1 g (236)

Similarly, by summing ¥ for n=1 to N and then taking the average and squareaoot,

noise factor for photon shot noise @YFecan be defined as

N N N
Nan =\/a a a (T_l)ﬁmek /N
m=1 n=1 k=1 (2.3.7)
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Again, MATLAB is used to calculate all combinations of transmission matrices for
N=2 to N=7. The matrix with the minimum photon shot noise is found to be the identity
matrix. In this configuration, each filter transmits only light for one specific barel. Th
identity matrix represents a configuration with minimum amount of light transmission.

Both the detector noise factor and shot noise factor for the identity matrxyare

1.5 4

—&— Optimized for detector noise —&— Optimized for detector noise
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Fig. 2.3.2. Detector and shot noise factors are plottedfaiscéion of N, the number of
spectral band, for the case of minimum detector noise, minimum shot noise, and maximum
transmission.

The optimized transmission matrix can also be defined to be the configuration where
the total amount of transmitted light feethighest. In this case, the figure of merit is
given by the summation of all the elements in the transmission matrix. Thus, every row
of the matrix should have as many 616s as
matrix, only one row can have atéicomponents to be 1, and other rows will have
616s. The optimized transmission matrices
which all off-diagonal elements and the first element are filled by 1 and others are filled
by 0,

= B B
e =
R O R
O R kB R
[ S S

Toptimized =

(2.3.8)



39

The detector noise factor and shot noise factor in this case are eoﬂ;al’ to+1/ N2

and VN - 1- 1/N +2/N? respectively. Figure 2.3.2 shows both the detector noise and shot
noise factor curves for the configurations optimized for minimum noise factor, both Eq.
(2.3.5) and Eq. (2.3.7), and optimized for maximum transmission. The curve for

maximum transmissiors ialways above the curve for optimized noise factor.

2.4 Optimized sampling of Stokes vector usinyl measurements

In additionto color, another important property of light is the polarization state, which
can be described by the four component Stokes néldte Stokes vector can be
estimated by a minimum of four intensity measurements of light passing through
different analyzers. Higher accuracy can be achieved by additional measurements. Figure
2.4.1 shows two common types of imaging polarimeter. Inithsioh of time
polarimeter, images are takeaquentidy as a retarder is being rotated in front of a fixed
linear polarizer. The Stokes vector at each pixel is calculated by measurement of a
minimum of four images taken at different retarder angle taiems at different time.
In the division of focal plane polarimeter, a pixelated retarder and a linear polarizer are
placed in front of the sensor array. A minimum of four types of rmetarder is used,
oriented at four different angles, to measuee$tokes vector locally. The Stokes vector
at each pixel is calculated by using interpolated values of intensity measurement taken at
adjacent pixelsq9,40,4]. Both cases have the same feature of a fp@drizer, a fixed
retardance, but variable faatis orientations. While it limits the freedom of analyzer
choice on Poincarésphere, the system complexity is substantially reduced so it is more
fabrication friendly. This configuration is called the constraiagdlyzer configuration.
One can also increa the analyzer freedom to cover the entire Poincarésphere by adding
another layer of retarder or varying the polarizer axis. This configuration is called
unconstrainegnalyzer configuration. In this section, we examine the constrained
analyzer configurigon and unconstraineanalyzer configuration separately. The
optimized results of both configurations are compared to each other and to the solutions

of the Thomson problem.
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Fig. 2.4.1. Two common designs of imaging polarimeter: (A) divisidima#. (B) division
of focal plane. Both cases limit the freedom of analyzers but reduce the system complexity.

As has been illustrated in Chapter 1, the relationship between the Stokes vector and
the intensity measurement can be expressed\as, whereSrepresents the Stokes
vector of incoming light, antlis anN-element vector representing the intensity that
passes througN analyzers. The measurement matrix, denoteéd/big anN-by-4 matrix,
with each row representing one polarizer. To estimate the Stokes vector from the
measurement, a pseudwerse ofWis adopted to achieve minimum least squares error.

We then write the relation betwekandSas:

S=wW’I (24.1)

The difference between color measurement and polarization measurement is that all
ideal analyzers with 100% diattenuation have the same 50% transmission-for non
polarized light. So, it is reasonable to assume that all intensity measurements have the
same signal level when the input polarization is averaged over the entire Poincarésphere.
We then no longer need to worry about the difference between-gigiependent

detector noise and sigr@idependent shot noise. The noise factor is written inghees

form used in Eq(2.3.9:
NF=,/£’;’1 awng,
m=ln (2.4.2)

Here we neglect the constant N. This noise factor is commonly called EWV (equally

weighed variance) in literature. It is equal to the sum of squares of all singular values of
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W+, or the sm of squares of the all singular values inverse of W. The EWV can be

understood as the total noise level of all reconstructed signal.

Three figures of merit have been used in the literat2e!f, which are RAD
(reciprocal absolute determindn€N (conakion number), and EWV (equally weighed
variance), to describe the noise level of polarimeters. For all figures of merit, smaller
value denotes a better design. The expressions of each are expressed in Eq. (2.4.3). Here,
prepresents the singular valuetbe measurement matrix. While the EWV and RAD
represent the total noise level of the entire Stokes vector, the CN focuses more on the

balance of noise between the four individual elements in Stokes vector.

RB:1
RAD = () 1k;
j=0
CN=¢ max/8 min
Rl
EWV =g 1ke?
170 (2.4.3

We start with the constraineahalyzer configuration, in which all analyzers have a
fixed polarizer, a common retardance but different$xst angles as shown in Fig. 2.4.1.
The linear polarizer is assumed to be horizontal. Kfhew of the measurememntatrix
can be expressed by a function of the common retardgame the fastixis angle ok™"

analyzerdk. This expression has been found to be proportiondJo [
[1, cog (2g,) + cos@) sirf(2q,),sir’(d/ 2) sinfq,),- sin(@) sing,)] (2.4.4)

Based on Eq. (2.4.4), MATLAB is used to find the opaedN-analyzer design for
N=4 to N=30 by minimizing the three figures of merit respectively. The optimization
variables are the common retardance and theafastangles of thBl analyzers. In other
words,N analyzers are chosen from one constant retaedamrve on Poincasphere as
shown in Fig. 2.4.2. The MATLAB functiofminucis used for the optimization
calculations. All parameters are floating points. The optimization is repeated 60 times
with random starting pointand thesolutionwhich gives tle minimal CN/EWV/RAD is
adopted to be thglobalminimum.In our calculationgmost all 60 optimizations give

the same minimal CN/EWV/RADNe believe thathe calculatedoptimization result is
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the global minimumsince the same optimization style alsovmtes the correct Thomson

solutions.

The optimization result shows that all three figures of merit produce the same result,

-A5

L

= 45 deg

90 deg
=132 deyg
=180 dey

+45

Fig. 2.4.2. Constant retardance curves on the Pdispdiere

except for the case df=5. Table 2.4.1 summarizes the optimized retardance and fast

axis angles foN=4 to N=7, including the results for the three figures of merit

regectively wherN=5. WhenN 2 8, the optimized designs are not unique anymore. Each

optimization calculation gives a different result, and the results have the same retardance

of 131.81 degree and a different fasis angle, although all die results have the same

value of figures of merit. Figure 2.4.3 shows the optimized desigméfito N=30.

Each point on the Poinaasphere represents a measurement using a retarder of different

angle. The optimized value fdi=4 has been calculatdry Sabatke et al4B], which

represents a regular tetrahedron on the Paérsgdrere. Fok 2 8, only one of the

optimized designs is presented.

Table 2.4.1 The retardance and fast axis angles of the optimizeld measurement designs

N Retadance(degree) Fast axis angles(degree)
4 131.81 14.88, 138.31

5(CN) 136.16 0, 433, 457

5(EWV) 132.60 0, $58.02, $31.98
5(RAD) 131.81 0, #64.62, 435.78

6 131.81 #0.08, #36.78, $59.62

7 131.81 0, #18.17, #2.39, $59.77
8 or more 131.81 vary
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'Note that when NO8, the number of optimized desi c

Fig. 2.4.3. @timized micrepolarizer designgconstraineeanalyzer configurationjor
N=4 to N=30. The polarizer is represented by blue spots on the PéiBgduere. The red
curve represds constant retardance.

The results for the constrainedalyzer configuration can be compared with the
unconstraineéinalyzer configuration where the analyzer can be any points on the
Poincarésphere. Figure 2.4.4 shows an example to achieve arbitrdyyersaising two
retarders and one fixed linear polarizer. The retardances of both retarders are fixed but
their fastaxis angles are rotatable. Since this configuration have more degree of freedom

on its analyzer vectors, the measured Stokes vector mayngéer noise.
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Fixed Linear  Sensor
Polarizer

Two retarders

Fig. 2.4.4. Two retarders of adjustable fagis angles combined with one fixed linear
polarizer enables the unconstrairathlyzer configuration.

Optimization of the unconstraineahalyzer configuration is considered next. The
optimizaion process is the same as the constraamadyzer configuration, except that
the optimization variables now become the azimuth and elevation andNemafyzer
vectors in spherical coordinate. The optimization resultdlfat to N=30 are listed in
Tabe 2.4.2 and compared with the results of the constraanetyzer configuration.
Comparison shows that the optimized designs of both cases have the same
CN/EWV/RAD. For practical implementation, the simpler constraiaealyzer

configuration is sufficiento realize an optimized polarimeter.

Table 2.4.2 The CN/JEWV/RAD of the optimized designs otonstraint-analyzer and unconstrained
analyzer configuration

CN EWV RAD
N Constraint- | Unconstraint- | Constraint- | Unconstraint- | Constraint- | Unconstraint-
analyzer analyzer analyzer analyzer analyzer analyzer
4 1.732 1.732 10.000 10.000 5.196 5.196
5 1.794 1.794 8.119 8.119 3.373 3.373
6 1.732 1.732 6.667 6.667 2.309 2.309
7 1.732 1.732 5.714 5.714 1.697 1.697
8 1.732 1.732 5.000 5.000 1.299 1.299
9 1.732 1.732 4.444 4.444 1.026 1.026
10 1.732 1.732 4.000 4.000 0.831 0.831
11 1.732 1.732 3.636 3.636 0.687 0.687
12 1.732 1.732 3.333 3.333 0.577 0.577
13 1.732 1.732 3.077 3.077 0.492 0.492
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14 1.732 1.732 2.857 2.857 0.424 0.424
15 1.732 1.732 2.667 2.667 0.370 0.370
16 1.732 1.732 2.500 2.500 0.325 0.325
17 1.732 1.732 2.353 2.353 0.288 0.288
18 1.732 1.732 2.222 2.222 0.257 0.257
19 1.732 1.732 2.105 2.105 0.230 0.230
20 1.732 1.732 2.000 2.000 0.208 0.208
21 1.732 1.732 1.905 1.905 0.189 0.189
22 1.732 1.732 1.818 1.818 0.172 0.172
23 1.732 1.732 1.739 1.739 0.157 0.157
24 1.732 1.732 1.667 1.667 0.144 0.144
25 1.732 1.732 1.600 1.600 0.133 0.133
26 1.732 1.732 1.538 1.538 0.123 0.123
27 1.732 1.732 1.481 1.481 0.114 0.114
28 1.732 1.732 1.429 1.429 0.106 0.106
29 1.732 1.732 1.379 1.379 0.099 0.099
30 1.732 1.732 1.333 1.333 0.092 0.092

The optimized design can also be compared to the solution of the Thomson problem,
which is a model oN electrons on a sphere. The Thomson problem is to find the position
for each electron so that thieeric potentiaknergy is minimal44]. The positions of all
electrons form a symmetric polyhedron of large volume, and one conjectures that this
configuraion may also provide the optimized polarimeter design of the lowest noise,
since it is true for the case NfE4. Figure 2.4.5 shows the solution of the Thomson
problem forN=4 to N=30 calculated using MATLAB. The three figures of merit, CN,
EWV and RAD, ae calculated for both the optimized design (Fig. 2.4.3) and the
Thomson solution (FigR2.4.5. A comparison between them is made in Fig. 2.4.6. The
optimized design is same or better than the Thomson solution for all three figures of
merit. To realize th&homson solutions faX measurement of polarization state, more
than one layer of retarder will generally be neediedt thus, the optimized constraint
analyzer solution not only has better figures of merit but also a simpler retarder

configuration, i.eonly a single retarder with constant phase at different orientations.



Fig. 2.4.5. Thomson solution fdi=4 to N=30.
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difference between optimized design and Thomson solution, (F) RAD difference between
optimized design and Thomson solution.

2.5 Design of an optimized three color full Stokes imaging polarimeter

Achromatic
Polarizer Array

Sensor

Fig. 2.5.1. Design of an optimized three color full Stokes camera. Left side is the optimized
tiling pattern of the filter array faN=12.The direction of first interpolation is represented

by a black arrow, while the second is represented by the whit&loaenit cell is encircled

by bold line. Right side is the structure of the camera made of RGB color filters and
achromatic elliptical analyzers.

The solutions for optimized sampling of color and full Stokes vector are presented in
the previous sectionklere, an optimized design that combinesrieasuremendf both
color and Stokes vector is presented. A three colors full Stokes camera design is
determined by minimizing the noise factor and the error of interpolation. While the three
colors can represeany band in the electromagnetic spectrum, the design is ideal for
imaging application in the visible spectrum. The design can measure the full Stokes

vector of RGB light in a single frame.

For each of the three colors, four analyzers are needed to m#astull Stokes
vector. Hence, there are a total of 12 filters to tile in adimzensionafilter array. An
optimized tiling forN=12 can be found based on the technique presented in Section 2.
Each pixel includes a color filter and an analyzer. Focthber filter, traditional cameras
utilize RGB filters to measure a color image. The optimized configuration for minimum
photon shot noise is the RGB configuration, whereas the optimized configuration for
minimum detector noise is green & blue, red & blmg red & green, which is the cyan

magentayellow (CMY) configuration (Table 2.3.1). For the analyzer array, the optimized
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configuration of the four analyzers has a common retardance at 131.81 degree and

different fastaxis angles at 74.88, 138.31degree representing four elliptical polarizers

(Table 2.4.1). The elliptical polarizers are achromatic and are designed to have a flat
diattenuation across the visible spectrd§.[ Figure2.5.1shows the basic design of the
polarimeter The tiling pattern fof.2 filters is found by minimizing the interpolation

error. The structure of the camera is shown with a layBG® color filters and a layer

of achromatic ellipticahnalyzes. The incoming light first gesthrough the color filter

array and then thandyzer array to reach the pixel of tidA. Bicubic spline

interpolation can be used to calculate the full Stokes vector for each color at each pixel.

It is worth to notice that this optimized design is only a theoretical proposal and is
hard to demonstratexperimentally. The first problem is the achromatization of analyzer.
This will be addressed in the following chapter. Secondly, although fabrication of
patterned micrescale retarder has been demonstrated recently, patternedscateo
achromatic retamer will be more difficult, as this often involves stacking of multiple
layers of birefringent materials. Finally, this design includes both a customized color
filter layer and a customized analyzer layer. Since the fabrication of-stgate color
filter and micrascale analyzer are totally different process, putting the two filters on the
same substrate necessitates balancing the different materials and processing requirements.
As a result, the whab demonstrated polarimeters in this dissertation dotiizeuthis
design. Nevertheless, this chapter provides a comprehensive analysis on the performance

of a color polarimeter and presents practical limits to an optimized design with constraint.
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Chapter 3: Design of achroc
anal yzers

3.1Background

To enable a broadband fi8tokes polarimeters, analyzers that sample the incoming
polarization need to have the same polarization response over the target spectrum range.
That is to say, its polarization behavior (for analyzers that meanszanabctor) should
not depend on the wavelength. This feature is called achromaticity. With achromatic
analyzersye can measure the polarizatioreoividerspectrum, instead of ontone
wavelength. Thisiot only extends the detecting range, but alsceases the amount of
measuredight andimproves thesignatto-noiseratio ofthe measuremeni this
chapter, the design of achromatic analyzers is discussed. Meanwhile, the achromatic
polarizers are also covered, since they are highly related to aafic@nalyzers. Both
types of optical filter serve as an important component for many instruments with
applications in photography, spectroscopy, ellipsometry, microscopy, polarimetry,

display, and remote sensing, to name a few.

We first clarify the difference between polarizensalgzers and retardersol@rizes
areoptical filters that convertrbitrary input light intaonespecificpolarization state.
Analyzers have a polarizatiatependent transmission. It has a maximum transmission
for a specific polarization state, and a miom transmission for its orthogonal
polarization state. &ardes, often called as waveplatésroduce phase retardance
between two orthogonal polarization stateslarizers are frequently used to generate a
certain polarization state, while analyzare more suitable to measurement of the
polarization state. Retarders can be applied on polarizers/analyzers to change the

generated/analyzed polarization states.

Several designs have been studied for achromatic and superachromatievganagter
and halfwave retarders using mulkayer films 7-57]. In Section 2 we consider the
problem of designing an achromatic elliptical polarizer of arbitrary ellipticity. The
achromatic elliptical polarizesonsists of anulti-layerlinearretarder and an achromatic

linearpolarizer, which can be either a linear or circular polarizegeltion 3,we explain
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how to easily convert the design of achromatic elliptical polarizers to achromatic

elliptical analyzersln Section 4, the fabrication and testing of the achrocredtiptical

polarizer are presented. The measured performance of the polarizer is compared with the
theoretical calculatiorin Section 5, the tradeoff between the EWV and achromaticity is
discussedin the final section, generalization of the techniqubdtter performance by
addition of retarder layer is discussed, with particular empbasiatter wavelength

response and larger operating wavelength range

3.2Theory of achromatic elliptical polarizers

In this section, we discuss the theory of desigran achromatic elliptical polarizer.
By definition, analyzers are polarization elements that transmit a desired polarization
state in maximum transmittance, while polarizers are polarization elements that generate
a desired polarization state]. Thereareseveraimain approaches to miak an
achromatic elliptical polarizesr achromatic waveplate®ne approach 8s negative
dispersion material$B] or form birefringenceg9-61] to reducethe variation of
retardance due to the wavelength change. Aarapproach uses helical materials with
variable pitch, such as cholesteric liquid crystal polymer, to achieve a broadband circular
polarizer[62,63. This method is generally applicable to circular polarization driig.
third approach stacks multiple kg of twisted LC and optimizes for the best
achromaticity $5]. The fourth approach, known Bancharathailns t ype, st acks mi
linear retarders of the same materd,3g. Two achromatic solutions were discussed in
Panchar at namo s igphawte makeaatsupéchrbniatic ciQulae polarizer
by stacking three linear retarders of the same material and one linear polarizer. This
solution is basically an extension of Destr.i
[49], in which an achromatic @ular polarizer is made by stacking two linear retarders
and one linear polarizer. The second solution is to stack three linear retarders of the same
material to achieve an achromatic linear retardee fdpic of thisection is a
supplement to the firsolution. That istacking two layers of linear retardensdone
linearpolarizer to form an achromatic elliptical polariZ€his design is applicable to any
elliptical polarization with arbitrary ellipticitynot just circular polarizationhus our

technique is more general and can be applied to a broader range of applications
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y
(a)2nd Linear Reiarder ]—x’ (b)

2nd Linear Retarder

Fig. 3.2.1.The schematics afnachromatic elliptal polarizer are shown with (a) a linear
polarizer and with (b) a circular polarizer

Figure3.21 showsour desigrschematics of anidirectional,achromatic elliptical
polarizer. A bidirectional achromatic elliptical polarizer can be made bygtdo
similar retarder layers in front of the polarizer. Our design consists of two linear retarders
and one achromatic linear or circular polarizer. The input light first passes the achromatic
polarizer, which generates either linear or circular polarizdud. lihe light then passes
the two linear retardersesultingin an elliptical polarized light. In general, each linear
retarder has a different retardance but a fixeddast orientation for different
wavelength. By using two linear retarders, we show kb compensate for this
variability and make the output polarization state nearly achromatic, in other words, as
close as possible to the target elliptical polarization state. We apply our theory to an
achromatic polarizer design for the visible baad 450nm to 650nm). As the figure of
merit of the performance of the achromatic elliptical polarizer, we use the following

deviation function

/) S|, = max(/ (s (D-cos2 B +5 ( 3/ <5 ()-6in(2 )
450m¢ /  ¢6500m (3.2.1)

wheres (&)1 &)} p-3sa) d1( =X BB ,2F23(, o Sa§oijtains the last

three components of the normalized Stokes vector of the achromatic elliptical polarizer
output state at the wavelengifandS, 1,2, { @de the Stokes vectGaget= [ c0s ( U)
s i n ¢oltdink the last three components of the normalized Stokes vector of the target

elliptical polarization with elevation anglé

0,
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As has been pointed out in Chapter 1, the operation of a linear retarder in converting
polarization states can be understoedrmgetrically. If we represent the input polarization
state and output polarization state by points on the Poincarésphere, then the output point
can be obtained by rotating the input point about vector [cos(2T), sin(2T), 0] by R degree,
where T is the fastixis angle with respect to the horizontal axis, and R is the retardance
of the linear retarder. This behavior is illustrated in Fig. 3.2.2. An input broadband

polarized light through a linear retarder forms an arc on the Poincarésphere.

—10 deg —10 deg

_ 30 deg 30 deg
©|——60deg ——60 deg
80 deg 80 deg

Fig. 3.22. Theschematics show the trajectory of the output stattheR®oincarésphere,
when the input state passes through a linear retarder with fixedxiasbrientation but
varying retardances from 0 to 360 degrees. Each trajectory represents atdifferaxis

orientationT. The input state is (®=[1, 0, 0] and (b) s[/2/3 , 0, /1/3].

We divide our analysis into two cases. In the first case, we consider the configuration
of an achromatic elliptical polarizesing one linear polarizer and twodiar retarders as
shown in Figs3.21(a) and3.23(a). The first retarder rotates the linear polarized (LP)
light to Arc A. Considering the reverse direction, we see that the second retarder rotates
the target state tArc B. The length of the arcs is determined by the wavelength rénge.
bothArc A andArc B exactly overlap each other, then the second retarder rAtatés
back to the target point perfectly, and an achromatic elliptical polarizer is achieved.
Geometreally, the two arcs can be nearly overlapping if they are tangent ahuh lhlee
same direction. This coincidence can be further improved by slightly shifting one arc
toward the other. Once the gap betwdemidpoints of two arcs is equal to the gap
betveenthe endpoints, a maximal coincidence is achieved.
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We observen Fig. 3.2.2that all circles are centered on the equatorial plane. Hence,
these circles can only be tangent at the equator. Therefore, we can make the conclusion
that the midpoirgof Arc A andArc B are both located at the equator. Basethisnthe
optimized desig for the achromatic elliptical polarizer can be calculatetiefollowing
way. First, we define the unit thickness of one linear retasi@retardance range of
180U to 180+t degrees in the visible bana<€ 450nm to 650nm)wherei depends on
thema e r opadal@reperties. Since the first retarder layer rotates the LP state, which
is on the equator, to an arc, whose midpoint is also on the equator, the relative thickness
of the first layerts, is equal to 1The actual thickness depends on ttaemal properties,
which in our experiment are measured by a polarimeter, and is equal to the thickness of a
retarder with an average retardance of 180 over the wavelength range of interest.
Similarly, the second layer translates thgetstateinto anarc, whose midpoint is also
on the equator. Thus, the relative thickness of the second tayeequal td/1807
whereb is the rotation angle to rotate the target state to the eq&ajare3.2.3(a) shows

a schematic of\rc A andArc B on the Poirarésphere

(a)

+83 +S3

(b)

Fast axis of retarder 2
Target state

Fast axis of retarder 1

P light : -~ s Arc C
: / o1 K ACBN

+81 +S2

Fig.3.2.3. The geometry of overlapping arcs on a Poincarésphere is shown for (a) an input
state of linear polarized light and (b) an input state of circular polarized light

In 3D space, a circle of radiusentered at point can be described by a parametric

equation

P(t) =rcosf)*u #sinf)*( & C (3.2.2)
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Here n is the unit normal vector to the plane of circle, anis any unit vector
perpendicular tan, in other word, any unit vector on the plane of the circle. The
parametert, is the angle between the liG#® and the unit vector . The valusof n, u,

C, r andt for Arc A and B are given below. Hede, andt;  are the fashxis orientation

and thickness of the two retarder layers, amdare the distances from the origin to the
centers of curvature of the two arcs

i, =[cos(2y, ),sin(2g).p b, § -sin(2g),cos(2 g}.0
C =[m*cos(2z,),m*sin(2¢).q . ¢ 3/1 o] , 180- d i< 180 o
My =[cos(2y, ).sin(2g ).p b, § -sin(2g),cos(2 g},0
Cy =[m*cos(2,),m *sin2¢).4 ,§ =/1 m} , 1804g<t, 480 t ¢

(3.2.3)
Note that them can be derived frord.p,, whi ch i s the angl e
transmission axis respect to the horizontal.
g = g €0s" (n)/2 (3.2.4)

Combining Eg. (3.2.2) and Eq. (3.2.8)e can find the coordinates of the midpoints
and endpoints of tavarcs. The coordinates thfe midpoints ofArc A andArc B are
given by

P.(180)= §/1-n7 sin(z; ) +m cos(% ) 1Af cos(2g)+ sin(2 g).8
F.(180)= §/1-n% sin(z, ) +m cos(2g ){ 1A} cos(2)m sin(2),

(3.2.5)

The coordinates dheendpoints ofArc A andArc B are given by

P,(180-d)= [y/1-nf cos(d)sin(2, 9+m cos(2 &,
-J1-n7 cos@)cos(2g ¥ m sin(2g)) 1af *sin( ¥
P,(180-,0)=4/1-n% cost d)sin(2,g)+m, cos(2 g,

-J1-m¢ cost,d )cos(2g ¥ m, sin(2,g) 1A% siry (3.2.6)

The midpoints and endpoints are all onuing sphere, and the dot product of two

points is a good figure of merit of the amount of gap between the two points.

of

t
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P,(180)T P, (180) =(/ 11/ 1nf mm)*cos[, -g )]
+(1-mf m, - \[1- n§ m)*sin[2(q, - g)]
P,(180-0)1R, (1804, d =(/1nf\/ 1§ cos(dcog( pmm )*
cos[2@, - g)I+y/1-m2 /1-nt sin( Psing,
+(y/L-mf m cos@? )~/ 1-nf m cs,))*

sin[2(g, - 9] (3.2.7)

WhenArc A andArc B achieve maximal coincidence, the gap between midpoints
shouldbe equal to the gap between endpoidence in the case of maximal

coincidence, the two dot products are equal.

P.(180-0)TP, (1804, g =P, (180) M (18C

(3.2.8)
Combining Eg. 8.2.7) and Eq.3.28), we have
1- cos@)cos, d) sin( sim{ )am, (E cos( )um, (1- cos(
tan[2@,- )]  sin[2(,¢ )y 1- n? J1 -nt (3.2.9)

Note that both, andn, can be calculated frowf by simple geometric derivation.

m, =cosf)*cos(2g)

t, = cot ! (cote)*sin(2 g)) /18( (3.2.10)

Combining the Eq.3.29) and Eq.3.210), . can be expressed in termschfand .
Therefore, the dot product of the two midpoints is a function of drdyndd>.

P.A80)TR, (180) G ¢, . ¢ (3.2.11)

G (1dAis a function of the two fastxis angles and has multiple local maximums.
Our goal igo find the two arcs with the most overlap, and the solution of the problem
can be found by maximizinG (1d{ The expression fd ( 1dAis complicated and
difficult to maximize analytically; however, the solution can be easily solved numerically
by using MATLAB optimization toolbox. The only parameter in the optimizatiol is
which depends on material properties of the linear retarders.dpaodd; are
determinedt, can be calculated using E§.Z210), andd.p can be calculated using Eq.
(3.24), Eq. 8.29) and Eq.3.210).
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We next consider the second case for the configuration of achromatic elliptical
polarizers using one circular polarizer and two linear retarders as showrs.i8.Eityb)
and3.23(b). Fa this case, the first retarder rotates the circular polarized (CP) light to
Arc C. Considering the reverse direction, we see that the second retarder rotates the target
state toArc B. The problem becomes maximizing the coincidend®rofB andArc C.

Since the first retarder layer rotates the CP state, which is on the paie, @& of which

the midpoint is on the equator, the rotation angle of the midpoint is 90 degrees, and the
relative thickness is equal to 1/2. The relative thickness of the sedanderdayet; is

equal tob/1807 which is the same as the first case. Figdu3(b) shows a schematic of
Arc C andArc B on the Poincarésphere. FArc C, the values of, u, C, rc andtc are

given as follows

fi. =[cos(2y ),sin(2¢).p L. § 0,01
C.=[0,0,d.r. =1, 904 /2t 90 o4

(3.2.12)

From Eq. 8.212), we can find the coordinates of the midpoints and endpoidtscof

C. The coordinate of the midpoint of arc C is given by
R.(90)=[sin(2 ),-cos(2g ).k (32.13)
The coordinate afheendpointof Arc C is given by
I5C(90—a’/2): [cos(dl 2)sin(2, g,-cos( 4&2)cos(2 Xy6in 2)) (3.2.14)
The dot products of midpoints and endpoints are

P.(90)TR, (180) 5/1-nf cos[2g -g )] m sin[2(g-, ¢
P.(90-d / 2)1P, (1804, d =/ 1% cos( d2)cos( ptos[2( g

+y/1-m? sin(d / 2)sint, d
+m, cos@ / 2)sin[2(g - ,9] (3.2.15)

When the two dot products aequal weobtain thefollowing equation

d . ad .
m_ _ - 00&2 cosgd ))cos[2@ - ,q)] -SH% sity

Ji- e (cosg— 1sin[26, - §)]

(3.2.16)
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Since lmtht> andm, can be derived frord;, using Eq. 8.210), Eq. (3.216) issimply
a relation betweeth andqp d= di-d>, and it can be rewritten in a simpkerm to solvegp d

from db.
a(g,)cos[D g H( ,ysin[2 D] gt ,) (3.2.17)

Here, coefficients, b andc are allfunctionsof db>.

a(@) =1 -cos5 cost, a)

b(:) = 2= (1 -c0s5)

VI

c(g,) = sing sing, d

(3.2.18)
The solution of thigquations
sint(—S ) f

Dy = Ja? +b?

2
. a b

[sinf,cos f]= | ; ]

Jar +p7 Va7 (3.2.19)

Similarly, by combining Eq.3.215) and Eq.3.219), we find that the dot product of
the two midpoints is a function of ontig.

P.(180)TR, (180) =H &, (3.2.20)

As in the previous case, the problem now becomes one of maxirkiZipd Once the
optimizedd: is determinedc, can be derived using E®.2.19, andt> can be derived
using Eq. 8.210). After we have the optimized valuesdhf d, t1, t andd.p, wecan
assemble an achromatic elliptical polarizer using the retarder and polarizer layers with the
calculated optimized angles and thicknesses.

3.3Conversion between achromatic elliptical polarizers and analyzers

In the previous section we discuss how talda an achromatic elliptical polarizer.
This means the polarizance vector, which is the first column of the Mueller matrix, is
achromati c. However, this doesndét mean i

be directly applied to our broadbandl{Stokes polarimeter. This section will discuss

t

S
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how to convert an existing achromatic polarizer design to make it an achromatic elliptical

analyzer.

Here weassume that thechromaticelliptical analyzers are made by a series of linear
retarders followed by a linear polarizer. The incident light first transmits through these
linear retarders and thénroughthe linear polarizer. The Mueller Matrix can be

calculated a$ollows:
Manalyzer: M LP(qL; M L(? qn ) lgM( LR 2) q MqLR) 101 (3.3.1)

whereMp( drgpresents the Mueller matrix of a linear polarizdrich has its
transmission axis oriented at an angjlgith respect to horizontaMr( U ,reprégents
the Mueller matrix of a linear retardevhich has itsdst axis oriented at an anglevith

respect to the horizontal and its retardance equalTbe two Mueller matrices are given

0 0 0

cos (27 sin(2g)cos(2 g
cos@d)sirt (2g) (1-cos@))

sin(27)cos(2g) cos( dcds (24 ,

(1-cosg ) si? (27) cos(2y )sin(d)

& sin(y)sin(d - cos(2 gsin( Y cos( )d
e 1 cos(2y) sin(2q) Og
}gcos(:q) co$ (29) sin(2 gcos(2 § (E
2¢ésin(g) sin(2g)cos(2 ¢ sh(2)y @
€ o 0 0 04

- sin(z7)sin(d)

<
=
Pl
—
Q
-
1
(D~ Ry (D (D DoPr D

M (Q) =
(3.3.2)

The transpose of EqB.B2) is

Mapayzer =M (2 (& WM (.9, gM (5. ) M) & g
=M@ g+H RMG,, 1§ 2:pM x (¥ +EIM) 0 (3.3.3)
We find that the transposition of the anal
polarizer followed by a series of linear retarders, which is an elliptical polarizer.
Realizing that théirst row of the analyzer is achromatic, tlirst column of the
transposed matrix is also achromatic. In other words, the polarizance of the elliptical
polarizer is achromatic, which makes the polarizer an achromatic elliptical polarizer.

Once we have an achromatic elliptical polarizer made by a linear polaiipgred by a
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series of Ilinear retarders, we can rotate ea
polarizer and retarders, and finally get an achromatic elliptical analyzer which has an
achromatidirst row in its Mueller matrix. The analyzer can be thenligpto a

broadband fulStokespolarimeter

Figure3.3.1(a) showsa divisiontof-focalplane broadband fulbtokes polarimeter
usingfour ellipticalanalyzers The advantage of this design is that the four elliptical
analyzes form aregulartetrahedron othe Poincarésphere, which minimizes the
measurement noigd3]. Another advantage of this design is that the four elliptical
polarizers are symmetricahd can be fabricated by conventional photoalignment
technique $4,63. The elliptical polarize(EP) can be made by combining one linear
polarizer and two linear retarders. Once we hhedirst elliptical polarize(EPJ), the
second elliptical polariz§EP2 can be obtained by rotating EP1 by 90 degréks.third
and fourth elliptical polarize5§P3 and EP4 can be obtained by first flipping each layer
of EP1 aroundhe horizontal and then rotating it by-#5 degrees. The four elliptical
polarizers can be combined to form a 2x2 macro pixel in a division of focal plane (DoFP)
configuration as shown iRig. 3.3.1(b).

(a) (b) EP1| EP2

Fig.3.3.1 (a) The regular tetrahedron adopted for a broadban&fokes camera is shown
along with the Poincarésphere. The coordinates of vertices 1, 2, 3, 4ar,[0, \/1/3],
[-J2/3, 0, 13], [0, {273, - 3], [0, -\/2/3, -\/1/3] respectively. (b) A design of a

DoFP broadbandull-Stokes camera shows the array of four elliptical polariZ€he
macro pixel of each layer is displayed on right.
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Note that the feasibility of this polarimeter will depend on whether an accurate
patterned retarder layer in the scale of the pixetlsesable. Therefore, this design
wonot be i mplemented in the polarimeters

pixel size is several microns.

3.4 Fabrication and optical characterization of an achromatic elliptical

polarizer

In this section, we describe the process of fabricating an achromatic elliptical polarizer
using liquid crystal polymer (LCP) as the retarder lay&e result of this section also
holds true for the fabrication of achromatic elliptical analyZEng LCPis RMM141C
reactive mesogen manufactured by EMD Chemicals. The LCP is-phgited using
ultraviolet light (UV) and a linearly photopolymerizable polymerfRO8(LPP) made
by Rolic Technologies to form a linear retarder 1g%é,67] Figure3.4.1(a) shovs the
retardance curve of RMM141C (17% weigbtweight ratio in toluene and spin coating
at 8000rpm) as a function of wavelength. This retardance curve can be fit to the
measurement results by using a theoretical retardance equation of LCP derived from a
singleband birefringence dispersion mogies].

/9
1%- (3.4.1)

DF(t, ) —2';” D Gt

Here,p is the retardancem is the birefringenceC is a proportionality constayttis
the thicknessais the wavelengthanda: is the mean resonance frequency of the band.

Utilizing the measured retardance curve, the optimized achromatic elliptical pglarizer
i.e. EP1is found to have the following parametefs:82.765 ,=3.48; t1=1, 1,=0.446,
dip=0.63° Heret;=1 means that the film thickness satisfies the relagto a= 450nm )

+ @ (2=650nm)= 2.

des
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Fig. 3.4.1 (a) The retardance curve of liquid crystal polymer RMM141C is plotted as a

function of wavelength. (b) Thalot shows theeviation curve of theptimized achromatic
elliptical polarizer made of RMM141C. (c) The curve of the optimized achromatic

elliptical polarizer output state on the Poincarésphere is shown for wavelength range from

450nm to 650nm; (d) The magnified view of (¢) is shown. Themumt is the target state.

Figure3.4.1(b) shows the deviation curve of the optimized achromatic elliptical

polarizer.The deviation is defined as the absolute value of the difference between the last

three components of the normalized Stokes vectoreoftta c hr o mat i ¢

pol ari zer

state and the last three components of the normalized Stokes vector of the target elliptical

polarization stateThe maximum deviation is 2.34% for 450 to 650migure3.4.1(c)

shows the trajectory of the output polarizatgiate on the Poincarésphere. The detail of

the trajectory is shown in Fi§.4.1(d).

Figure3.4.2shows a schematic diagram of the fabrication process of the achromatic

elliptical polarizer. The fabrication process consists of three parts: (1) fatmicditihe

second retarder, (2) fabricationtbgfirst retarder, and (3) integration of retarders with a

wire-grid linear polarizer. The two retarders are made by LCP and LPP on a glass

substrate. The broadband wire grid linear polarizer is a lamin&tedtnufactured by

Asahi Kasei (model WGF). Detailed steps are described below.
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. The LPP is spin coated on soda lime glass substrate at 2500rpnefomute.
Theglasssubstrate is 1.5 inesin diameter and has a flat cut on the edge to help

with the angle alignment.

. The substrate is hard baked at €7for 5 minutes andexposed under 10mWV
light at 365nm for 10 minutes with a UV linear polarizer on top in order to
produce linearly polarized UV illumination (LPUV). The linear polarized UV light
defines the fasaxis orientation of LCP.

. The LCP solution is made by addiR§iM141Cto toluene at a 17% weight-
weight ratioand therspin coated at 8000rpm for 30 seconds. The LCP aligns with
the LPP and forms a linear retarder layer. Thedast aientation is defined by

the orientation of anisotropically crebsked LPP.

. The substrate is hard baked a5®r 5 minutes andexposed with 10mwW UV
light at 365nm for 2 minutes to cure the LCP.

. A 50nm silicon oxide layer is deposited onto the sutestiaing electron beam
evaporation technique. The silicon oxide layer is used as isolation between the two
linear retarder layers. The silicon oxide layer appears to reduce the retardance of
the thin film by about 3 percent.

. The sample is characterized &y Axometrics polarimeter. A fgptimization is
performed to determine the best fagts orientation for the second retarder layer
based on the measured retardance.

. Steps 1to 5 are repeated for the fabrication of the first retarder layer. The LCP
solution for the first retarder is made by adding RMM141C to toluene at a 30%
weightto-weight ratio. The LCP solution is spin coated at 4000rpm for 30

seconds.

. A wire grid linear polarizer film is oriented and put in the front of the two retarder

layers.



The sample is characterized by AaxometricsMueller matrix polarimeter. Figure
3.4.3a) shows the deviation curve of the sample and the comparison to the theoretical
curve predicted by the optimization. The experimental result and theory prediction match
well within measurement errors. Figl8&.3 b )
output state othe Poincarésphere. Figurg.4.3c) shows the magnified view tie
experimental curve. The sample has a maximum deviation of about 4% at for wavelength
of 450nm to 650nm, which makes it a good achromatic elliptical polafiker.
theoretical design is expected to have 2.34% maximum deviation. The fabricated sample

is about 2% higher than that. That can be due to the measurement noise, or the fabrication

error.
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Fig. 3.4.2 The schematic shows the fabrication process of an achromatic elliptical

polarizer.

shows the

trajectory

C
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Fig. 3.4.3(a) A comparison of the deviation curve of the fabricated sample and theoretical
prediction is shown. The bar represents the measurement errdre ofxometrics
polarimeter. (b)) The trajectory of the sampleds o

for wavelength range from 450nm to 650nm. (c) The magnified view of the trajectory in
(b). The blue curve is the trajectory of theoretical predictidme green dot is the target

State.

In real fabrication process, it is hard to control the thickness and angle of each layer to
be exactly the same as the design. Here we take a Monte Carlo simulation to calculate the
error arises from that. The variatiohretarder layer thickness is uniformly randomly
chosen withint2%, which is a reasonable value for spin coating process. The variation of
retarder and polarizer angle is randomly chosen withifrigure 3.4.4 shows the
maximum deviation histogram foOQ0000 different designs using Monte Carlo

simulation. The peak of the histogram gives ~5.5% maximum deviation.
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1000000 times Monte Carlo Simulation
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Fig. 3.4.4. Histogram of maximum deviation from 1000000 times of Monte Carlo
simulation.

3.5Tradeoff between EWV and analyzer vector variabn

One concern when designing achromatic analyzers for broadband polarimeters is to
balance the achromaticity of analyzers and the performance of polarimeters. For
achromatic analyzers that consists one linear polarizer and multiple linear retarder layers
its analyzer vector variation always increases as the target ellipticity increases. This
phenomenal can be understood in a simple way. Since this type of achromatic analyzers
tries to use multiple layers of linear retarder to transform a broadbanddimadgzer to a
broadband elliptical analyzer, the target ellipticity represents how far away this
transformation goes from the equator to the pole. When the ellipticity increases, the
transformation is harder and the outcome achromaticity will be worssnwiele, a
higher ellipticity means the analyzer is closer to the pole, which is the circular
polarization, and further to the equator, which is the linear polarization. Therefore, the

analyzer is more suitable for measuring $aand less suitable for measuri§gandS.

We use the polarimeter described in Fig. 3.3.1 to illustrate this. The polarimeter uses
four symmetric analyzers that uses the same design with the angle flipped and rotated to
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realize the optimal regular tetrahedron onRlméncaréphere. Once the anabrs are

redesigned to a smaller ellipticity, the analyzers will get smaller analyzer vector variation,
but the tetrahedron is compressed toward the equator. That means the polarimeter is more
accurate on measurirgy andS but less accurate on measuriggOn the other hand,

increasing the ellipticity of the analyzers squeezes the tetrahedron toward the pole and

improves the accuracy & measurement at the cost of lower accuracy.@ndS.

EWV is used to evaluate the overall performance of the podder. Fig 3.5.1 shows
the curve of EWV and the maximum analyzer vector variation versus the elevation angle
of the analyzer vector on tiRoincarésphere, for the polarimeter described in Fig. 3.3.1.
The EWV is expected to reach minimum at the optimalleggetrahedron and increases
as the analyzer vector deviates from the optimal point. The maximum analyzer vector
variation is roughly proportional to the elevation angle.
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Fig. 3.5.1. The EWV and maximum analyzer vector variation versus the elevagieroén
the analyzer vector.

As has been explained in Chapter 2, the EWV represents the noise amplification factor

from raw intensity measurement to the Stokes vector reconstruction. When designing the
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analyzers for the polarimeters, we want the EWV to memum. But what will be the
impact of analyzer vector variation? Of course, we want it to be as small as possible. In

subsequent paragraph, we are going to take a closer look on this.

We know in Chapter 2 that the polarimeter takes a set of intensityireaants
through different analyzers. The relation between measured intensities and the Stokes

vector can be rewritten in matrix form by combininghineasurements together:

I =WS
el, s €A 9 Sg
& u €0 U e
=62 gy £A 35 56
é: u _e; 2 Szé
¢ o ¢ u é
éln EA, H Se

(3.5.1)

HereSrepresents the Stokes parameterd,las anN-element vector that contains all
measured intensities. The measurement matrix, denotéd isyaN-by-4 matrix, with
each row representing the analyzer vector of one measurement. To reconstruct the Stokes

vector, we take the pseudtoverse of the measurement matrix and multiply it.by

S=W I (3.5.2)

When using a polarimeter, theeasurement matrix is first calibrated at a specific
wavelength or use the theoretical designed value. The calibrated measurement matrix is
used to reconstruct the Stokes vector of incoming light of arbitrary spectrum. This can be

described as:

S'=w," 1 {w, W ¢ (3.5.3)

HereSandS @epresent the actual Stokes vector and reconstructed Stokes Wegtor.
is the calibrated measurement matwkis the real measurement matrix and depends on
the spectrum of the incoming light. This spectrdepenént measurement matrix
variation increase as the analyzer vector has larger waveldaegémndent variation. To

get an accurate reconstruction, we wantwhgw as close to the identity matrix as

possible. That is the motivation for mmnizing the analyzer vector variation.

To illustrate the impact of analyzer vector variation on Stokes vector reconstruction,

we consider two polarimeters designed in the style descrilféettion 3 as the example.
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Both polarimeters use four symmetricdemmatic analyzers to realize four intensity
measurements. The analyzers are designed for wavelength range of 450nm to 650nm and
have elevation angles of 35P®ptimal) and 20 for the two polarimeters, respectively.

The retarder material is the samelasone inSection 4. Figure 3.6.2 shows the

measurement tetrahedron of the two polarimeters on the Pogpteere. While the green

one is the optimized tetrahedron with smallest EWV, the blue one has a smaller analyzer
vector variation. The EWV of the twpolarimeters are 10 and 14.08, respectively. The

maximum analyzer vector variations are 2.34% and 1.31%, respectively.

+S3

{A\

Fig. 3.5.2. The measurement tetrahedron of the two polarimeters are plotted on the&Poincar
sphere. Both polarimeters use four synmoeichromatic analyzers as describe8eation

3. The green one is the optimal tetrahedron using analyzers of @e2étion angle. The

blue one is a neoptimal tetrahedron using analyzers of 2vation angle.

The two polarimeters use the measurement matrix with the designed value, to measure
monochromatic polarized light at 650nihe reason for choosing 650nnthst it is at
the edge of the design wavelength and endures the maximum analyzer vector variation.

The numerical form of Eq. (3.5.3) is computed to be

el 0 0 0

€ 1.0161 00041 0O
S'=(W,"W) s£ ' U
(W"’" M €0 0.0041 1.0161 0 U

© 0 0 09669

[ e ]

(3.5.4)

for the green polarimeter in Fig.5.2, and
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g 0 0 0
% 1.0047 0.0009 O

S'=(w,’W s£= ' U
(Wa' W) é0 0.0009 1.0047 0 U

© o0 0 092293

[ e ]

(3.5.5)

for the blue polarimeter in Fig. 3.5.2.

Figure 3.5.3 shows the calculated error of Stokes reconstruction for all possible
polarized incoming light. Due to the symmetry of the polarimeter design, the summation
of all four intensity measuremts is always equal to tt&, without regard to the
wavelength. Therefore, the reconstruction erroi&@ire zero for both polarimeters. The
S is underestimated or overestimated by 1.66% (green polarimeter) or 0.47% (blue
polarimeter) when the incomiright is linearly polarized at 9%r 0°. TheS is
underestimated or overestimated by 1.66% (green polarimeter) or 0.47% (blue
polarimeter) when the incoming light is linearly polarized at°18%45. TheSis
underestimated or overestimated by 3.3§%e€n polarimeter) or 3.60% (blue
polarimeter) when the incoming light is left circular polarized or right circular polarized.
In general, the impact of analyzer vector variation depends on the spectrum shape and

polarization state of the incoming light.

We find out that the blue polarimeter has less reconstruction error on the linear
polarization component of the Stokes vector. This is expected since it has less analyzer
vector variation. But to our surprise, the two polarimeters have equal performa&gce on
reconstruction, even if the green one has twice the analyzer vector variation of the blue
one. This is because the circular polarization measurement of blue polarimeter is more
sensitive to the analyzer vector variation since its analyzer vectorhisrftotthe pole.

For this particular case, the circular polarization measurement cannot be improved by

lower down the analyzer vector toward the equator.
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Fig. 3.5.3. The green polarimeter (top) and
reconstruction errors &b, S, S, andSs are plotted as a function of incoming polarization

states. We assume the incoming light is monochromatic at 650nm. The incoming light is

fully polarized with a fixedS = 1, such that the DoCP and AoLP are sufficient to define

all four Stokes parameters.

How about considering the EWV and analyzer vector variation together? This can be

done by adding into a noise vectoron the intensity measurement at Eq. (3.5.3):

S' = V\lal+ lmeasured
=W ' ( Irea\l ‘S)

cal

=W, (WS )

:(chaI+W$ +V¥i' s
=s {W,’W 4)S W (3.5.6)

Here s is a 4element vector, containing the noise of four intensity measurements,
respectively. The noise can be viewed as sigragpendent, since all 4 analyzers have
the same average transmission and the four intensity measurements should have equal

signallevel. 1, is the 4 by 4 identity matrix. From Chapter 2 we know that

4 N
EWV = a. é.(vvcal+ )rznn
m=1n 1 (3.5.7)

So, the term\*s is the EWV\trelated error, which arises from the noise

cal

amplification in Stokes recotrsction. It only depends on the measurement matrix. The

term (W "W- |4) S is the analyzer vector variation related error. It is both measurement

cal

matrix dependent and signal polarization dependent. When designing the achromatic

t

he
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analyzers foa broadband polarimeter, the two errors need to be balanced to get a

reasonable performance of the polarimeter.

3.6Discussion andconclusion

In this chapter, a general theory of achromatic elliptical polarizers is presented. A
sample consists of twiayer retarder and orflayer polarizer is fabricated and tested with
performance agreed well with our calculatidnbetter performance of achrornaat
elliptical polarizer, i.e. a flatter wavelength response, can be achieved bgadHird
retarder layer or additional retarder layers. In this case, the first retarder layer and the last
retarder layer rotate the input state and the target stateinpw arc and an output arc
respectively, and the remaining retarder layer or layers can be understood as
transformations of arcs. These transformations should transform the inputarert@
thatmatchesthe output arc. With addition of more retartbeyers, more degrees of
freedom are introduced, reducing the difference between the input and output arcs and
resulting in a flatter wavelength response and a larger operating wavelengthArange.
threeretardeflayer solution for achromatic circular paleer has been previously
demonstrated blPancharatnarfd7]. In this final section, we explore the theoretical

performance of achromatic elliptical polarizer with more than two retarder layers.

MATLAB optimization toolbox is used to find the optimized dgsdf threelayer
retarder and foulayer retarder configuration, for visible band< 450nm to 650nm) and
a wider band/ = 400nm to 1pm). The material for the retarder layer and the target state
are the same as thatSaction 4. For thre¢ayer and fowlayer configurations,
geometrical analysis is so complicated that the number of optimization variables cannot
be reduced into one or two, as in the case of thddwer configuration. Instead, we
directly optimize the thickness and fastis orientatiorfor all retarder layers using the
MATLAB optimization toolbox. Although we have performed the calculation using
many iterations, we cannot ascertain that the results are the global minimum. The
optimization results are likely to be local minimum, but theyvide a general trend for
addition of retarder layers and a good set of designs with low deviation. Figure 3.6.1

shows the deviation curves of tiayer, thredayer and fowlayer configuration. For
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visible band, the maximum deviation is reduced fro8%2to 0.3% and 0.04% by using

threelayer and foulayer configuration, respectively. When the operating wavelength

increases from 650nm to 1pm, the tdayer configuration has a high deviation of 12%,

while the thredayer and foulayer have a better germance, with maximum deviation

of 1% and 0.7%, respectively. Our calculations show the general trend that additional

layers of retarder can flatten the deviation and increase the operating wavelength range of

the achromatic ell

iptical polarizer.
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Fig. 3.6.1. The deviation curve of optimized 2, 3, 4 retarder layer configurations for
wavelength range of (4=450nm to 650nm and (b)=400nm to tm

In conclusion we presenbne design approach fireachromatic elliptical polarizer

and apply our design taroadband fullStokes imaging. The achromatic elliptical

polarizeris conprised ofa minimum oftwo linear retarders and one linearcircular

polarizer.An simple conversion between polarizers and analyzers is demonstrated. Our

technique can bappliedto the design of polarizers and analyzers ofahpticity,

including circular

polarization.
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Chapter 4: Di vision- of an
Stokes 1 maging pol ar.

4.1Background

In this chapter, an RGB fufbtokes imaging polarimeter ¢®nstructed and tested.
This novel polarimeter design involves an arrangement combining both diaision
amplitude and divisiomf-focalplane configurations, and can capture the intensity, color,

and polarization of an optical field simultaneously.

Our R@B full-Stokesmaging polarimetedesign is based on two custa@wlor
polarization camegaconstructed by 4D Technology. The custtameras a divisionof-
focalplane RGB lineaStokesmaging polarimeterrealized by applying a wirgrid
micro-polarizerarray onto the traditional RGB Bayer sensor array, as shown id.Eit).
Thus, the camera can capture both linear polarization information and color information

of any target scene with appropriate demosaicg,40.

Bayer color filter array +  Micro-polarizer array = RGB polarizer array

Fig. 4.11. The sensor arraynd Bayer color filter array of theolor polarization camera
have a 4.am pitch. The linear micrpolarizer array has auén pitch.

Thecolor polarization camenmases a CMOS imaging sensor comprising 1200 by 1600
total pixels of which 1082 by 1312 are usaplxels. The pitches of the Bayer array and
the micrepolarizer arrays are 4.5um and 9um, respectively. The parallel transmission of
the micrepolarizer array for linear polarized light is >70% over the visible band, and the
extinction ratio is >25. Theatnera supports digital output up to 12 bits depth. The frame
rate can reach 54fps. The camera can be connected and controlled by computers via a
Gigabit Ethernet cable.

4.2 Polarimeter design
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In this work, we put an achromatic quarter wave plate (QWR)ufaatured by
Bolder Vision, in front of the firstolor polarization caerain order to capture circular
polarization information. Thisolor polarization cameia integrated with a secomdlor
polarization camerto form a division of amplitude RGB Rubtokesmaging
polarimeter The system configuration is shown in M@.1. A nonpolarizing cube
beam splitter is utilized to divide the incoming light into two components. A glass
compensating plate, with the same thickness as the achromatic QW42risd in front
of the secondolor polarization camero produce the same aberrations and images on
the two cameras$p]. In addition, the cube beam splitter operates by the principle of
frustrated total internal reflection (FTIR) to separate light,[there exists a retardance
between the output and ppolarized light. Figurd.2.2shows the retardance curve of
the achromatic QWP and the transmittance path of the beam splitter. The lens interface is
a Pentacon lens mount; an Arsat 30mm f/3.5 iensed in the measurements. The lens
has a long flange focal distance of 74.1mm, necessary for the beam splitter installation,

and a large field of view for outdoor measurements.

Cage Mount of the
Beam Splitter

Rotational Mount of
the Achromatic QWP

Imaging Lens

Color Filter
Mot

Mount of the Blank
Glass

Camera 2

Fig. 4.2.1. The schematics of the RGB fitokespolarimeter An external color filter is
added to narrow the transmission band of each of the RGB color.
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Retardance of Achromatic QWP and Cube Beamsplitter
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Fig. 4.2.2 The measured retardance curve of the achromatic QWP and the transmittance
of the cubebeamsplitter.

4.3Polarimeter assembly

Accurate measurement of color and of the polarization state requires precise alignment
of the twocolor polarization senssfand the calibration of all the pixels in each sensor.
The alignment of thpolarimeteris peformed by using precision translation and rotation
stages to adjust the camera position, so that the imageochorsd s sensor t hroug
cube beam splitter matches perfectly with the otlaenerd s s e n spxel, at sub

accuracy.

The alignment of th&GB full-Stokespolarimeteregins with fixingone color
polarization cameraith screws and epoxy and clamping anott@or polarization
camerao a precision translation and rotation stage. The stage controls all six degrees of
freedom of the&eamergoostion, which are rotation about the x, y, andxs, and
translation at x, y, and-axis. Here we define the optical axis as tfexis and the saxis

as normal to the camera substrate. The setup is shown khFif.
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Camera 1 Achromatic QWP

Camera 2

Rotation

Stage Blank Glass '\ Beam Splitter

Fig. 4.3.1 A photo shows the togiew of the alignment experiment setup.

The first step is adjusting the rotation abth&x- and yaxis, so that th sensor of the
clamped camer parallel to the image of the fixedmeré s sensor viewed thr
beam splitter. This is achieved thyminating thepolarimetemwith a collimated beam.
The collimated beam is reflected by the two sensors and results in two collimated beams
coming back. The output beam passes through a positive lens and is focused on a focal
plane, shown in Figl.3.2.If the two sensors are parallel to each other, the two output
beams are parallel and the focal points fall on the same position. In the experiment, the
screws that contr€Tamera2 6 s r ot at i o n-axslare adjusted soehatthetaver d vy
focal pointsoverlap each other.

Input collimated rays

Reflected collimated rays
Color from two PolarCams

Polarization @  Light source
cameras

O Focus point of reflected rays

—
—

Beam Splitter
Collimating lens Focal Plane

Fig. 4.3.2 A schematic shows the first step of the alignment process.

The next step is adjusting the remaining 4 degrees of freedom, which is rotation about

z-axis and translation of the x, y, anéxes. In this step, th@larimete is equipped with
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an imaging lens, and a target with four small points is captured bywdmamera. The

two camera produce two images of the target. The remaining 4 degrees of freedom are
adjusted to make the coordinates of the four points on thertages to be as close as
possible.

After all 6 degrees of freedom are optimized, the clangaederas be fixed by
screws and epoxy. The camera is fixed after the epoxy is cured and the clamp and
adjustment stage are subsequently removed. The alignmé&rhpence is tested by
measuring a 1951 USAF resolution test chart and by comparing the intensity profiles
along different lines along the test chart imafjee result of the alignment is shown in
Fig. 4.3.3 which shows image dhe test chartaptured by two alignecemera. The
intensity profile is plotted along different resolution lines in the two images. It is shown
that the intensity profile matches closely to-gukel resolution.

Camera 1 Line 1 Line 2

200
150

150

100
100

50 50

0 100 200 300 400 200 220 240 260 280

PaolarCam 1
PolarCam 2

Line 3 Line 4

200 200

150 150

100 100

50 50

1]
1] 100 200 300 400 260 280 300 320 340

Fig. 43.3 Alignment result using a USAF resolutiorstechart taken by the tweolor
polarization camemais shown on the left. Plots of the intensity profile along different lines
(Line 1 to Line 4) of the captured images are shown on the right.

The alignment offset value in pixels between the two camarabe estimated by
comparing the images from the two cameras. The image takéarbgral in Fig. 43.3
is rotated by differenqal values about the center of the sensor and translated by different

gx andqy values. A reconstructed image can be calculasgthbilinear interpolation
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after translation and rotation of the original image. The Mean Squared Error (MSE)
between the reconstructed image and the image tak€arngra2 can be calculated for
different values of@ gx, andqy. The smallest MSE is faowl forgx =0.326 pixelsqy
=0.296 pixels, anda =0.0294; which provide an estimate of the alignment offsets
between the two cameras. The MSE is defined by

MSE=—— & a(L(i j)-1,G,§))7
MN 167 w1 je Ne . (4.32)

wherel: andl. represents the intensity values of the two images for comparison.

4.4 Polarimeter calibration

The alignedpolarimetelis subsequently calibrated to measure the analyzer vector of
each pixel. The analyzer vector describes how each pixel responds tantldtdoes and
polarizations of the input lightt is used in the reconstruction of the color and
polarization image from the raw data and takes into account the variation of each pixel

and the misalignment.

As shown in Fig4.4.1, the Bayer filters havabroad transmission spectrum that
overlap each other. Each color pixel has sensitivity of red, gaeerblue light, resulting
in crosstalk between different color channels. In other words, a measurement taken at one
color channel includes some resportsdght in the other two color channels. A
calibration of thepolarimetercolor response is required to get a good polarization
measurement in each individual color channel. This calibration is accomplished by
modeling the pixel's response behavior siett €very pixel of thpolarimeterthas a
polarization response for each red, greem blue channel. The polarization response of
a pixel can be described as an analyzer vector(4&]) described the relationship
between the intensity valuethe anfyzer vectorA, and the input Stokes vectSof a

pixel.
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| =AS

A=[Ax As A

= 8 8% 8% 3 8 A% & G & G &
s=[& S 9

(S % % % 8 8§ 8 & S &S S dE 44y

Here&si, Sei, Sgi are the Stokes vectors of the input light at red, graeah blue
channes$, wherea=0,1,2,3denotes the four Stokes parametég;, Aci, Agi are the

analyzer vectors of the pixel at red, gresmd blue channsl

The calibration of the RGB fulbtokespolarimeteris done at the wavelengths 460nm
(B), 540nm (G)and 610nm (R), which are the peakf the spectral response of the color
sensor. To reduce the calibration error from the dispersion of the achromatic QWP and
cube beam splitter, we put an external color filter in front of the beam splitter to narrow
the response region of tpelarimeted solor sensor. The spectral response of the color
sensor and the external color filter are shown in &i.1.Figure4.4.2shows the
calibration setup. White light from a tungsten lamp is filtered by a bandpass filter and
collimated by a positive len¥he collimated light can avoid oblique incidence on the
sensor and increase the intensity of the light received by the sensor. The collimated light
then passethrougha fixed linear polarizer and rotatable achromatic QWP and is
received by th@olarmeter For each wavelength, tipelarimetertakes 18 intensity
measurements with transmission axis of linear polarizer at vertical and fast axis of QWP
at 0, 10, 20, ¢é, 170 degrees. In total, ther
light states. Th relationship between the intensity and the analyzer vector is given by

L=[l, o 1g]S =i . i
€S . Ss
| =AS (4.4.2

Hereln and thenth column of matrixSrepresent the intensity value and input Stokes
vector ofnth measurement respectively. Tarealyzer vector of one pixel can then be
calculated as

A=1S’ (4.4.3
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whereS' represents the pseudo inverse of the m&rikhe analyzer vector of each

pixel can be used in the Stokes vector reconstruction from the raw image taken by the

polarimeter
~.30
o~ — Spectral response of the blue channel
g —— Spectral response of the green channel
S 25 — Spectral response of the red channel
g — Transmission spectrum of the color filter
c
— wn
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Fig. 4.4.1 The spectral response of theo | a r i aolertsensobasd the transmission
spectrum of the external color fittare shown.

Tungsten Lamp

Bandpass Collitnati - _— Full Stokes camera
filter ollimating | ;or  Achromatic (Without Imaging
Aperture  |Lens .
Polarizer QWP Lens)

Fig. 4.4.2 The calibration setup of the RGB fi8tokespolarimetelis shown.
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Fig. 4.4.3 Top: the histograms of the diattenuation of red (left), green (middle) and blue
(right) pixels are shown. The dashed lines represent the average Wattom: the
calibrated analyzer vectors of all red (left), green (mida@layl blue (right) pixels of the
polarimeterare plotted on the Poincarésphere. The black dots represent the analyzer vector

of the ideal case.

Perfect focal plane Actual focal plane
array alignment array alignment

Fig. 4.4.4. The misalignment lveten micrepolarizer array and color filter array causes
the different diattenuation between three color channels.

Figure4.4.3shows theeomputedanalyzer vectors of all red, greemmd blue pixels of
polarimeterand the histograms of their diattenuation. The histograms show that the
average diattenuation, indicated by the dashed line, of the blue, gnelered pixels are
1.01, 0.% and 0.8 respectively. However, the diattenuation of a vgri polarizer
geneally increases with longer wavelengths. One explanation for our observation is that
there is an alignment offset between the mjmotarizer array and the Bayer aryagown
exaggerated in Fig. 4.4.4uch that the red pixel is covered by four kinds addin
polarizers, while the green pixel is covered by two and the blue pixel is covered by one.

Thus, the analyzer vector of red pixel is a mixture of four linear polarizers at different
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orientations, leading to a smaller overall diattenuation. The obseaviadion of the

histograms provides a sense of not only the spatial variation of the alignment between the
micro-polarizer array and the Bayer array but also the calibration error resulting from the

analyzer vector calculation process. In the Poincaréspiplot, the analyzer vector for

the ideal case is also shown in black dot. In the ideal case, the beam splitter should not

have any polarizance effect, the QWP is a perfect achromat, and each pixel has an
identical response. fashaisieestimataditmbeaton of t he C
approximately 165°respect to horizontal. In the figure, we can see the analyzer vectors

form 8 clusters, which corresponds to 8 types of red, geaghblue pixels inside a 4 by

4 macrepixel of thepolarimeter Note thathe green channel has twice the number of

pi xels due to the Bayer filterds arrangement
measurements as 16 independent measurements and divide the analyzer vectors into 16
clusters. The analyzer vector inside each clustavéraged and combined to form the

measurement matrix. The measurement matrix can then be used to estimate the noise of

the Stokes vector reconstruction, i.e. the measurement of the Stokes vector. Here we use

the CN (conditional number), EWV (equally weep variance), and RAD (reciprocal

absolute determinantjiefined by

Bl R-1
RAD=0) =, cN e Ewv § =
i=o M L =0 1 (4.4.49

as the figure of meri42]. These three parameters are related to the singular yalues
of the measurement matrix of the Stokes ve&erhas beeexplained in Chapter Zy¢y
do not represent the intrinsic noise of the intensity measurement performed by the pixel.
Instead they provide a sense of the noise amplification in the Stokes vector reconstruction
process. In general, smaller values denateemaccurate measuremeritke singular
values increase as the number of intensity measurement increases. Thus the RAD and
EWV usually increase with more measurement, while the CN, which is the ratio between
singular values, does not chang@able4.41 summarizes the comparison of the three
parameters for theolarimeterand for the ideal case. Tpelarimeterhas slightly larger
values of CN, EWYand RAD than the ideal case, but their difference is not very large.
Note that the green channel has a sm&WV and RAD due to twice the number of

green pixels in the Bayer filter arrangement. For comparison, the CN of two single
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wavelength fulStokes polarimeters designed by Myhre et al. and Hsu et al. are 3.2255
[19] and 1.732120] respectively.

Table 4.41. Noise comparison between thgolarimeter and the perfect case

Figure | Polarimeter Perfect case

of . Red Green | Blue Red Green | Blue
merit channel| channel| channel| channel| channel| channel
CN 3.1809 | 2.7980 | 2.3598 | 2 2 2

EWV | 2.3805 | 0.9151 | 1.5236 | 1.3750 | 0.6875 | 1.3750
RAD | 0.1671 | 0.0293 | 0.0962 | 0.0884 | 0.0221 | 0.0884

4 5 Stokes vectoreconstruction

The color and Stokes vector reconstruction can be divided into two steps. In the first
step, missing intensity measurements are recovered at each pixel by-blir@c
interpolation. For the RGB full Stok@®larimeter there are twaolor polarization
camerd. Eachcamerahas a micrepolarizer array applied on top of the Bayer filter array.
The micrepolarizer array contains polarizers at 0, 45, 90, 135 degrees and the Bayer
filter array contains one red filter, one blue fiJtend two green filters. s, there is a
total of 24*4 = 32 intensity measurements performed by the two carf@raach set of
16 pixels. However, only one intensity measurement is taken at each pixel, which is not
enough to solve the Stokes vector at the three color channelefdite, for each set of
pixels that performs one kind of measurements, we have to recover the measurements for
the rest of the pixels using bicukspline interpolation. The analyzer vector of each
measurement is also interpolated element by elementedul shows the
interpolation methods for red, greemd blue pixels. For red and blue pixels, the bicubic
spline interpolation is done along horizontal and vertical direction. For green pixels, the
two green pixels inside a Bayer unit cell are regauaetwo independent measurements
and are interpolated separately. After the interpolation, we have 32 analyzer vectors and
32 intensity measurements at each piRelter interpolation techniques can be applied to

get smaller sampling error1-73].
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Fig. 4.5.1 A schematic of the interpolation of the red, greerd blue pixels is shown. The
dashed lines represent the direction of interpolation. Note that the green pixel is divided
into two independent set of pixels which are interpolated separately.

In the second step, the Stokes vector is calculated at each pixel. The 32 analyzer
vectors are combined to form a measurement matrix W. The relationship between W and

intensity measurements can be described as

ol o @, . A, o Sy
-€: U £ - 5 =€
R PR

g H ROt aBSH Sg&
| =WS (4.5.0

Here S is th input Stokes vector and can be solved as
S=w'I (4.5.2
where W+ is the pseudo inverse of the measurement matrix.

An estimation of the polarimeterods perfor me
polarimeter with specific polarization statand reconstruct its Stokes vector. The setup
is identical to the calibration setup illustrated in Fig. 4.Rdarization states with
different degree of circular polarization (DoCP) and degree of linear polarization (DoLP)
at three color channels agenerated by filtering white light with bandpass filters at
460nm, 540nm, 610nm and sending the light through a fixed linear polarizer and a
rotating achromatic quarter wave retarder. FidéHMs of the bandpass filter are
approximately 10nm. The generatealgsization states are characterized by both an
Axometrics Mueller matrix polarimeter and our polarimeter. The DoLP and DoCP
measured by the Axometrics polarimeter are considered as the measurement standard.
The estimated accuracy of the Axometrics polatenis 3% and 1% for DoLP and DoCP
measurements, respectively, based on measurements of air. The DoLP and DoCP

measured by every pixel of our polarimeter are averaged and compared with the
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Axometrics polarimeter measurements as an estimation of its agclitee standard

deviation is regarded as the precision of the polarimeter. Figure 4.5.2(a) shows the
average measurement of DoLP and DoCP performed by the polanmitbterstandard
deviation error bar. The Axometrics polarimeter measurements are represented by the
solid lines. Figure 4.5.2(b) shows the difference between the polarimeter measurements
and the Axometrics polarimeter measurements. The error of DoLP &@id Bseen to

be less than 6.5% and 7.6%, respectively. Figure 4.5.2(c) shows the standard deviation of
measurements of all pixels in our polarimeter. It is shown to be less than 14% for DoLP
and 10% for DoCP. Sources of error include inaccuracy froomtegoplation of the

Stokes vector, sensor noise and mechanical precision in the control of the retarder angle
which is estimated to bhe0.25°.
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Fig. 4.5.2. The DoCP and DoLP are measured at different retarder orientations. (a) The
solid linerepresents the DoCP and DoLP characterized by an Axometrics polarimeter. The
solid dot and error bar represent the average DoCP and DoLP measurements and standard
deviation of the RGB fulStokes polarimeter, respectively. (b) The difference between the
Axometrics polarimeter measurements and our polarimeter average measurements is
plotted as a function of retarder angles. (c) The standard deviation of the RGBokdk
polarimeter measurements is plotted as a function of retarder angles.

4.6 Results andconclusions
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DolLP & AolLP
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Fig.4.6.1 The RGB fultStokes image of phone displays with an Android phone displaying

a color target on the left, an iPhone displaying a color target in the middle, and paper color
target on the right.
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Fig. 4.6.2 The RGB fultiStokes imge of a chopper wheel with circular polarizer placed
at the inner wheel and linear polarizer placed at the outer wheel.
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Fig. 4.6.3.The RGB fullStokes image of three beetles shows the exoskeletang ko
a reflective polarizer.
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Fig. 4.6.4.TheRGB full-Stokes image of several toys is shown.
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Fig. 4.6.5 The RGB fultStokes image of a window building. The window is highlighted

in the DoLP images.
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Fig. 4.6.6 The RGB fultStokes image of sky taken through a window shows the stress
birefringene of the glass in the window.
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Fig.4.6.7. The RGB fultStokes image ahesky, cloud,and mountain is shown.
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Fig.4.6.8 The RGB fultStokes image of cars in assorted colors is shown.

Four indoor and four outdoor scenes are taken by the RGBthkespolarimeter to
demonstrate its performance. Their Stokes vector elements, DoLP, AoLP, and DoCP are
plotted and shown abové&he three Stokes paramet&sS, S, can have negative
values and cannot be displayed like thamage, in which black represents zero and
higher brightness means larger intensity. Instead we use grey to represent zero, black to
represent negative, and white to represent positive. In the BxdlRngle of linear
polarization(AoLP) images, we use a color chart to display the linear polarization
information, in which the hue represents the AoLP and the intensity représ=htd_P.

Figure4.6.1shows the Stokes image of a color target displayed by an iPhone and an
Android Phone respectively. The iPhone display has circular polarization while the

Android Phone has linear polarization.

Figure4.6.2shows the RGB fulBtokes image of a polarization wheel. The
polarization wheel is covered with linear polarizers indbter circle and circular
polarizers in the inner circle. In the image, we see that the outer circle has large linear

polarization whiletheinner circle has large circular polarization.
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Figure4.6.3shows the RGB fulBtokes image of three beetles. Theskeleton of the
beetle is known to have circular polarization due to the chirality of the microstructure. In
the image, we see both significant circular polarization and linear polarization. The linear
polarization is due to the Fresnel reflection ofitheninating light.

Figure4.6.4shows the RGB fulBtokes image of a set of toys. In the image we see

some linear polarization due to the Fresnel reflection of the illuminating light.

Figure4.6.5shows the Stokes image of an outdoor building. The winafaive
building has large linear polarization due to Fresnel reflection.

Figure4.6.6shows the RGB fulBtokes image of stress birefringence. The image is
taken by capturing the sky through a window. The sky is a linear polarized source while
the window srves as a retarder due to its stress birefringence. When a linear polarized
light passes through a retarder, the light is converted to elliptical polarization, whigh has
component of circular polarization. In the image, we see significant variatioo@®P D

which indicates the stress distribution inside the window.

Figure4.6.7shows the RGB fulBtokes image ahesky, cloud, and mountain. In
the image, we see that the sky has linear polarization while the cloud and mountain does

not.

Figure4.6.8shows the RGB fulBtokes image of cars in assorted colors. The car has
large linear polarization due to the Fresnel reflection on its smooth surface. The darker
the car is, the smaller is the scattering light and the larger is the fraction ofaspecul
reflection. In the image we see that the black car has the largest DoLP while the white car

has the smallest DoLP.

The polarimeter has the capability of rapid continuous measurement to produce Stokes
video.The acquisition of the video involves the slironization of twaamera; the
Stokes vectors at different color are reconstructed frames by frames. Toaneras are
synchronized by using the MATLAB package "Image Acquisition Toolbox Support
Package for GIigE Vision Hardware" to control the camérae twocamera are
connected to one computer via a Gigabit Ethernet Cable and a network switch. Multiple
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camera parameters such as trigger delay and package delay are adjusted to achieve

continuous and synchronous frames.

In conclusion, we have constradi calibratedand tested a 2 megmxel RGB fulk
Stokesmaging polarimetethat can capture intensity, coland polarization of an
optical field in one shot. Theolarimeteris based on applying the divisiaf-amplitude
technique to two divisiowf-focatplane RGB linear Stokg®larimetes. The two RGB
linear Stokepolarimetes are aligned by a translation and rotation stage tgpseh
accuracy. The calibration of tipelarimeterinvolves the characterization of both color
and polarization responses of each pixel, allowingptiiarimeterto reconstruct the color
and polariztion of the optical field at the same time. Bicubine interpolation is used
to calculate the RGB Stokes vector for each pixel from the raw measurements. Several
indoor and outdoor scenes are captured to tegt thé a r i peréotmanced Qur
polarimder can rapidly detect polarization signals of various natural scenes and can be

used in many applications such as biomedical imaging and remote sensing.
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Chapter 5: Division-of fo
Stokes 1 maging pol ar.

5.1Background

In this chapte a compact divisiomf-focal plane RGB fullStokes polarimeter is
assembled and tested. This polarimeter utilizes a single layer of pielated linear
retarder based on low dispersive birefringent reactive mesogen. This instrument can

measure the fliStokes vector in the red, green, and blue channels in a single shot.

Our divisionof-focal plane RGB fulStokes polarimeter is based on the color
polarization sensor IMX250MYR recently developed by Sony Corporafigiid).
Figure 5.1.1 shows its sendayout. The sensor has a micro wged polarizer array on
top of the traditional Bayer color filter array, resulting in a color polarizer array that
enables simultaneous color and linpafarization measurements. Notably, this micro
polarizer layer isormed under the eohip micrelens array, making the distance
between polarizers and photo diodes extremely short. This integration reduces the
incident angle dependence that exists in traditional linear polarization cameras, where the
polarizer array isligned and packaged on top of the sens®#2[1]. The pixel size of this
sensor is 3.45m.

Bayer color filter array +  Micro-polarizer array = RGB polarizer array

e
.
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Fig. 5.1.1. The sensor layout of the Sony color polarization sensor IMX250MYR shows
the locations of the RGGB Bayer filters and the vgrl linear polarizers.

5.2 Micro -retarder design
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A customized micraetarder layer is fabricated and placed on top of the sensor to
extend its capability to measure all four elements in the Stokes vector. Figure 5.2.1 shows
the crosssectional view of the focal plane array, tdeal micreretarder design and the
corresponding measurement tetrahedron on the Péisighere. The retarder design is a
periodic twaostrip structure that has a uniform linear retardance dbdborthogonal
fastaxis orientation between the two micragss. The strip width is twice the pixel size
of the sensor. The fasixis orientation is chosen to be the middle point of rpoiarizer
angles, which are 2Z2%nd 112.5, in order to minimize the equally weighted variance
(EWV) of the measurement telftredron f12,43. The EWV for this tetrahedron is 11,
while the optimized case is 10. Ideally, the optimized tetrahedron can be achieved with a
pixelated retarder, whose pixel size is equal to the pixel size of the color polarization
sensor. However, suchsaall retarder pixel will be difficult to fabricate due to material

and process constraints.

Micro-retarder array

| Micro retarder

| Retardance = 45 degre¢

PR chiglienzariay Fast axis at -22.5 degrel

Color filter and
micro-polarizer array

Fig. 5.2.1. (Left) A customized micneetarder array is put on top of the Sony color
polarization sensor. (Middle) The ideal design of the miretarder layers shown
overlaying the RGGB Bayer and wiggid polarizer filters. (Right) The corresponding four
polarization measurements form a tetrahedron on the Péisighere.

| Micro retarder
Retardance = 45 degreé

The micreretarder layer is fabricated by conventional photoalignment technique
[64,69, in which a layer of birefringent reactive mesogen or liquid crystal polymer
(LCP) is coated on a photoalignment layer that isgu@osed by patterned linear
polarized ultraviolet (UV) light. The orientation of the linear polarization defines the
directororientation of coated LCP. At the boundary of the m&trgp, there will be a
transitional region allowing the LCP director to switch its orientation continuously from
the fastaxis angle of one strip to the faestis angle of another strip, i.e. fro22.5° to
67.5.
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When the two strips have orthogonal fagis angles, degeneracy of transitional
region can occur. Considering the ideal design in Fig. 5.2.2 as an example, at the strip
boundary, the director of LCP can switch fre22.5° to 22.5 to 67.5, or it can switch
from-22.5 t0-67.5 to 67.5. Both cases have the same twisting force and same
likelihood of occurring T6]. In the actual fabricated filter array, this degeneracy causes
the formation of a singularity of LCP orientation at the stripratauwy, resulting in
alignment defects. These defects can be eliminated by removing this degeneracy. Figure
3 shows the microscopic images of three-sirgp microretarder arrays. Magnified
images with arrows indicating the director orientations are sti@lw. The degeneracy
causes two possible director orientations at the boundary, leading to alignment defects.
As the fastaxis angle difference between two strips decreases, the density of defects also

decreases. When the fastis angles are 7@part, he defects simply disappear.

Orthogonal fast-axis Fast-axis 80° apart Fast-axis 70° apart
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Fig. 5.2.2. (Top) Images of mictetarders are taken by a polarization microscope.
(Bottom) Magnified regions with alignment defects are shown for differentafast
angles. Dashed arrows represent the LCP directentation. From left to right, the fast
axis angle difference between two strips arg 80°, and 70 respectively.

Based on this observation, the micetarder design is modified so that the {asis
angles are tilted to avoid orthogonal conditioheTurther the angles are apart from

orthogonal, the less the defects are. Meanwhile, rotating thaxfi@sangle also turns the
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measurement tetrahedron away from the optimized one, resulting in EWV surge. Figure
5.2.3 shows the EWV contour versus fagt angles of the two strips. In principal we

want to trade the smallest EWV in return of the largest angle rotation from orthogonal.
Figure 5.2.4 shows the modified design to use. Theafdastangle is rotated by 1€r

both strips, resulting in a 7@mgle difference between the adjacent fast axis angles. The
revised design improves the quality of LCP alignment and reduces the defect density at
the cost of slightly increased EWV from 11 to 11.18. The revised design is used in the

actual fabrication.

EWV

oo «© (e}
o (&) o (&)} o (@)
T T T T T T

Fast axis angle of strip 2
o

H (&)} (6] (e} (e} ~ ~ e}
(@) o (&)} (@)
T T T T

5
o

1 L 1 1

-50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0 5
Fast axis angle of strip 1

Fig 5.2.3. The EWV contour versus fast axis angles of the two strips.
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Micro retarder
Retardance = 45 degre¢
Fast axis at -12.5 degre

Micro retarder
i Retardance = 45 degree
Fast axis at 57.5 degree

Fig. 5.2.4. The revised design of the micetarder layer is shown overlaying the RGGB
Bayer and wire grid polarizer filters. (Right) The corresponding four polarization
measurements dfie revised design form a tetrahedron on the Pcéregrere.

Another important design parameter is the chromaticity of the mataovder. The
dispersion of the retarder leads to a waveledgipendent analyzer vector (thérdw of
Mueller matrix) foreach pixel. Since the Sony color polarization sensor is responsive
over the entire visible band, a chromatic analyzer vector will cause a major error in the

measurement of the broadband Stokes vector.

A negative dispersive LCP material, RMM1705 manufactioee EMD Chemicals, is
chosen for micraetarder fabrication to reduce this error. Figure 5.2.5 shows the
retardance curve of RMM1705 along with the spectrum sensitivity of the Sony color
polarization sensor IMX250MYR. The chromaticity of RMM1705 can leati4.9%
maximal analyzer vector variation for two vertices in the measurement tetrahedron and to
7.0% maximal analyzer vector variation in the other two vertices. This variation over the
spectral band of 400nm to 700nm is then distributed or divided atherrgd, green, and
blue wavelength bands, leading to an approximately 5% variation within each color band.

The influence of analyzer vector variation has been discussed in Chapter 3.
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Fig. 5.2.5. (Solid line) The measured linear retardance cuf&d 1705 is shown. (Dash
line) The quantum efficiencies of Sony color polarization sensor IMX250MYR are shown
for red, green, and blue pixels.

5.3 Micro -retarder fabrication and polarimeter assembly

The micreretarder array is fabricated using conventigrfatoalignment techniques.
RMM1705 is used as the LCP. A linearly photopolymerizable polymer (LPP) solution
ROP108 manufactured by Rolic Technologies is used as the photoalignment material.
One important advantage of this fabrication process is its sitggicd compatibility
with most existing semiconductor manufacturing. Figure 5.3.1 shows a flow diagram of

the fabrication process. The process consists of the following steps:

1. The LPP solution is spin coated on a soda lime glass substrate at 2500 tpm for
minute. The glass substrate is 4 inches in diameter ardepasited with
aluminum alignment marks using standard photolithography araffliffrocess
[19].

2. The substrate is hard baked at 4Z@or 5 minutes.

3. The substrate receives selective 365nm Wpobsure of 2J/cAusing mask
aligner. The UV light is linearly polarized at the desired mmatarder fastixis

orientation. The preleposited alignment marks are critical for accurate patterning.

4. The LCP solution is made by adding RMM1705 to chloroformnal8% weight
to-weight ratio.
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5. The LCP solution is spinoated on the LPP layer at 3000rpm for 30s.
6. The substrate is hard baked atG@or 5 minutes.
7. The substrate is cooled down at room temperature for 20 minutes.

8. The LCP layer on the substrate is cuvath UV light in nitrogen environment.
After curing, a solid plastic thin film micrcetarder array is formed on the

substrate.

LCP

. LPP % Coating LCP
1 Coating LPP Substrate J

Substrate

hdh b Jb 2 25 <

~ HardBaking QT4 % ' Hard Baking D
e BIRR B A and
Selective LPUV Substrate UV Curing Substrate

. * * R
Patterning * * * * *

Fig. 5.3.1. The schematic shows the fabrication process of the-retaraler array.

In order to characterize the fabricatiprocess, a micrcetarder array is first
fabricated and characterized by an AxoStep, a Mueller Matrix Imaging Polarimeter
manufactured by Axometrics Inc. The measurement is done at 550nm. Figure 5.3.2
shows the microscopic image and cresstional plobf the measured linear retardance,
circular retardance, and retardance orientation. The linear retardance and retardance
orientation are as expected. Although there is some unexpected circular retardance due to

director twisting ¥ €], this does not increaghe chromaticity of the retarder array.



100

Linear Retardance (Degrees) | '

55 55

s MYV

45

L L
Circular Retardance (Degrees) J '

1 ;0 i B A M | 1
1 M H _}VF \”NF \VV \‘v\/%v

’ I d 1 Retardance Orlentanon (Degrees)

Hj" :ZZ/\J\ N /q /ﬂ

L——130pum 0 20 20 60 80 100 120
Pixels

Fig. 5.3.2. (From top to bottom) The linear retardance, circular retardance, and retardance
orientation of the microetarder sample is measured using a Mueller Matrix imaging
microscope. The microscopic images ahown on the left. The cresection plot along

the dash line is shown on the right.

After the process is validated, the aforementioned procedures are applied to the
fabrication of a micreretarder array. The wafer substrate is then diced into recengul
dies by laser dicing techniques at Discelldc America, Inc., San Jose, CA. The die
with the least defects is chosen and bonded to a mounting frame controlleehlzisa 6
stage. Circular polarized light at 632.8nm is illuminated through the mounteulttie
Sony color polarization sensor. The pixel readout reaches a maximum modulation when
the die is aligned properly to the sensor, and UV curing epoxy is then applied to glue the
die onto the sensor. Figure 5.3.3(a) shows the final assembled polariaiee
5.3.3(b) is a photo of a-@ount fisheye lens connected to the polarimeter. A steel ruler is

laid on the side to show the scale, illustrating the compactness of the imaging system.
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Fig. 5.3.3. (a) The front view of the assembled polarimetewshbe mounted micro
retarder. (b) A top view is shown for an imaging fisheye lens connected to the polarimeter.

5.4Results

Thecalibration processvolves measuring the actual analyzer vector for each pixel of
the sensor. The analyzer vectors of neighbod pixels are then integrated to form a
measurement matrix, which can be used to convert intensity measurements of individual
pixels into Stokes parameters. The same calibration and reconstruction algorithm in

details have been discussed in Chapterddaaa not repeated here.

Figure 5.4.1 shows the calibrated analyzer vector of all red, green and blue pixels of
the polarimeter. The green pixels are divided into two types, which is the upper right
pixel and lower left pixel in the Bayer color filter ayraand are plotted separately. Each
type of pixels has 4 groups of analyzer that form 4 clusters dPdinearésphere. The
median points of the 4 clusters are connected to show the tetrahedron of the measurement
matrix. The EWV of red, green (upper right), green (lower right), blue pixels are 22.20,
18.19, 19.61, and 19.72 respectively. This is far away fromxjpeceed value of 11.18.
There are several reasons for the discrepancy. The most important reason is that the
liquid crystal polymer does not strictly follow the exposed LPP pattern. Instead its
director will rotate smoothly to make a balance between tbleoaimg force from LPP
and the twisting force from itself. That can be observed in the-sszd®nal plot in Fig.
5.3.2. Besideghe alignment between micretarder layer and Sony color polarization
sensor is not perfect. These factors result in a atigmbetween the theoretical design

and the actual polarimeter. Nevertheless, this mismatch do not increase the pixel
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chromaticity. The actual polarimeter is still good enough to realize RGifokes

measurement.

Green
Upper right_ﬁ

Green
Lower right

Fig. 5.4.1. The calibrated analyzerctas of all red (upper left), green (upper right and
lower right), and blue (lower right) pixels of the polarimeter are plotted o direcaré
sphere. For each cluster there median point is connected to show the measurement
tetrahedron.

A white LCD screa is used as the target scene in order to estimate the accuracy of the
RGB full-Stokes measurement. A Canonx18 TV zoom lens is installed to image the
screen onto the sensor. Multiple images are taken with differamhber and exposure
to evaluate itperformance for different lens aperture size and sitgaabise ratio. The
LCD screen is linearly polarized at a specific orientation. Consequently, the polarimeter
is expected to measure DoLP as 1, AoLP as a constant value, and DoCP as 0, for all three
RGB bands. Figure 5.4.2 shows the histogram plot of the measured results after
measurement matrix reconstruction. Table 5.4.1 summarizes the average and standard
deviation of the measured DoLP, AoLP, and DoCP across the image, which provides

estimatesofth pol ari meter 6s accuracy and precision
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Fig. 5.4.2. Histogram plots of the Stokes reconstruction of an LCD screen are shown. Each
row represents a different f/number and exposure. Red, green, and blue curves represent
the measurement at the thmespective color channels. Histograms of /8 200ms and /2
29ms give about the same nsaturated brightness level. Similarly, histograms of /8
20ms and /2 2.9ms give about the same wedposed brightness level.

Table 5.4.1. RGB fultStokes measuremeinof LCD screen

f-number /2 f/8
Exposure 29ms 2.9ms 200ms 20ms
Standard Standard
Mean Deviatio | Mean Standgrd Mean Deviatio | Mean Stan_da_rd
n Deviation n Deviation
Red 1.0160 | 0.0326 1.0206 | 0.0426 1.0345 | 0.0335 1.0401 | 0.0432
DolLP | Green | 0.9895 | 0.0156 0.9980 | 0.0187 0.9957 | 0.0159 1.0048 | 0.0189
Blue 1.0199 | 0.0270 1.0311 | 0.0367 1.0299 | 0.0262 1.0415 | 0.0365
Red 128.33 | 1.10 128.33 | 1.22 128.08 | 1.16 128.09 | 1.28
(A)OLP Green | 128.70 | 0.74 128.68 | 0.80 128.36 | 0.72 128.35 | 0.82
Blue 128.00 | 1.86 128.27 | 2.64 127.83 | 1.90 128.09 | 2.48
Red 0.0036 | 0.0497 0.0046 | 0.0631 -0.0012 | 0.0501 0 0003 0.0632
DoCP Green | 0.0080 | 0.0267 0.0086 | 0.0309 0.0131 | 0.0263 0.0145 | 0.0304
Blue 0.0253 | 0.0670 0.0138 | 0.0925 0.0227 | 0.0668 0.0122 | 0.0941

The LCD screen hasxpected values of DoLP = 1, DoCP = 0, and AoLP = a constant
value. The deviation of the mean of the measurement from the expected value is an
estimate of the accuracy. The standard deviation of the histogram is an estimate of the
precision.

Comparing theesults at different-humbers and different exposures, we see that the

pol ari meteros

perfor mance

does

not change

the other hand, decreasing the integration time increases the standard deviation. At near

saturatd brightness level (f/2 29ms and /8 200ms), the accuracy is within 0.0345 for

mu
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DoLP and 0.0257 for DoCP, respectively. This offset can be caused by the chromaticity
of the micraretarder filters. The precision is within 0.0335 for DoLP, 180 AoLP,
and0.0670 for DoCP. The green channel has better precision since the number of green
pixels is twice the number of red or blue pixels. When the polarimeter is-expesed

(f/2 2.9ms and /8 20ms), the accuracy is kept within 4.15%. The precision is within
0.0432 for DoLP, 2.64for AoLP, and 0.0941 for DoCP.

Four images of indoor and outdoor scenes are taken using the polarimeter. The
polarimeter also habte continuous measurement capability to produce RGB Stokes
video. Data reduction matrix method anduliic-spline interpolation algorithm are
adopted for the RGB fulbtokes reconstructiod 2,29. Other techniques such as
Fourierdomain analysis and edglketection interpolation can be applied to further
improve the reconstruction accuraép[7173]. Thedifferent images illustrate the utility

of multi-spectral polarization imaging and are discussed as follows.

Figure 5.4.3 shows a building with a largeea window. The building is surrounded
by a clear sky, with the sun at the center of the picture attdad by the building. In the
Stokes image, the window has DoLP signal due to Fresnel reflection. A ring of peak
DoLP is seen at the edge of the picture, and the variation of AoLP around the building
points to the location of the sun. The observed pol@wizgattern matches the

theoretical polarization pattern of the skiy].

Figure 5.4.4 is a view of the sky through a window inside the Meinel building at the
James C. Wyant College of Optical Sciences, University of Arizona. The linear polarized
sky is @nverted into elliptical polarization due to the stress birefringence of the window.
Variation of DoCP is seen in the Stokes images, indicating the distribution of stress

inside the window.

Figure 5.4.5 shows several small objects including black cylifheley, white sphere
(upper right), black sphere (middle right), and a beetle (lower right). The cylinder and
sphere have some specular reflection and thus show linear polarization signal. The black
objects have larger DoLP than the white one due to thevi#fiect [/8]. The AoLP

image maps the surface normal orientation of the object. A large DoCP signal is seen at

the beetl e because of the chiral mi crostruct
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Figure 5.4.6 is a chopper wheel covered with circular paesin the inner circle and
linear polarizers in the outer circle. In the Stokes image, we see that the outer circle has
large DoLP and the inner circle has large DoCP. Also, the DoCP is maximum at the red

channel and minimum at the blue channel due tbiteéringence dispersion of the

circular polarizer.
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Fig. 5.4.3. The RGB fulbtokes image of a building with largeea window surrounded
by sky was taken using a Fujinon DF1.4HB fisheye lens.

o

Red DoLP Green DoLP Blue DoLP

Red AoLP Green AoLP Blue AoLP

0.5

180

120

60

" Blue DoCP

... |
1

Fig. 5.4.4. The RGB fulStokes image of the sky through a striesefringence window
was taken with £anon V6xL7 TVzoom lens
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Fig. 5.4.5. The RGB fulStokes image of small objects was taken usi@aaon V6x17
TV zoom lens
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Fig. 5.4.6. The RGB fldStokes image of a chopper wheel with circular polarizers in inner
wheel and linear polarizers in outer wheel was taken usitanan V6xL7 TVzoom lens

5.5Discussion and conclusion

In this section, the performance and limitation of the instrument are discussed, and
potential solutions to reduce measurement error are presented. The analyzer vector
variation with wavelength is limited by the dispersion of the filter material. In tbik,w
the dispersion is reduced by using a single layer of low dispersive LCP. While this
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solution simplifies the fabrication process, the performance of the mataader can be
improved further by using multiple layers of the same LCP or a combinatlagtof

dispersive LCP and low dispersive LCF [4§.

Measuring the polarization state is generally dependent on the angle of the incident
light. One source of the angle dependency is the crosstalk between neighboring pixels.
Ideally, when aligning the miofretarder array to the Sony color polarization sensor,
every pixel should be precisely aligned on top of each designated retarder. In addition,
the gap between the retarder and sensor should be zero everywhere. However, there is
inevitable stress and defoation in the micreetarder glass substrate such that a zero
gap is difficult to achieve. When the gap between the sensor and theretader is
comparable to the pixel size, incident light ray, which is not normal to the sensor, can
pass through a tarder layer of an adjacent pixel before reaching the pixel. This crosstalk
between neighboring pixels increases as the incident light ray becomes more oblique or
as the gap increases. One solution to reduce this crosstalk is to use an image space
telecentic lens. Another solution is to use a lens with a largarhber. This type of
crosstalk can also arise from a thick micetarder layer.

After extensive calibration and testing, we observe a relatively small ray angle
dependency in our instrument. Wdibee there are several reasons for this. First, the
micro-retarder is made of a single layer of LCP with a small linear retardance ardund 45
The thickness is relatively thin, of the order qirg, compared to the 68 strip width.
Second, the wire gtipolarizer is directly under the -ahip lens array, and there is little
crosstalk from the polarizer layer. Finally, the micetarder is a twatrip design. Pixels
that are within a horizontal strip are covered by the same retarder, which elimieates th
crosstalk between horizontal neighborhood pixels.

Another type of angle dependency is the aapendent birefringence of the LCP.
The LCP used here acts like a patternepl#e. Its retardance and fastis orientation
can change under different ineiat angle, leading to an anglependent analyzer vector.
This dependency can be reduced by increasingnietber or by using a wide viewing

angle micreretarder with Gplate LCP §51].
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The error induced by angle dependency can be estimated by lookimgnadge taken
using a wide angle fisheye lens as observed in Fig. 5.4.3. The fisheye lens has a relatively
shorter focal length compared to the zoom lens in Fig. 5.4M the edge of the sensor,
the ray angle can be larger, and this larger ray anglendace substantial error. This
error is seen in the DoCP image of Fig. 5.4.3, where significant DoCP signal, around 0.1
to 0.2, appears at the edge of the picture. We believe this signal is not real since the clear

sky has no circular polarization.

Another concern on using fisheye lens is thiathe edge of the fielithe refraction
angleonlensurface s extremely | arge and comparabl e t
bring significant diattenuation, especially when the fisheye lens has dozens of lens
element such that the refraction will happen multiple times. This brings fake linear
polarization signal of the target sceBetails of this is included in Appendix C.

In conclusion, we have demonstrated a compact divisidacal plane RGB full
Stokes polameter that can capture intensity, color, and polarization of an optical field in
one shot. The polarimeter is based on applying a customized-retarder array to the
Sony color polarization sensor. The micatarder array is a periodic twgbrip stricture
made of low dispersive LCP. The filter is fabricated by conventional photoalignment
technique. The polarimeter provides a resolution of 208864 x 8-bit at 70 fps, or 12
bit at 30 fps. Several I mages amamcedarpt ur ed t
polarimeter is able to rapidly detect color polarization signals of various natural scenes

and thus can be utilized for a variety of polarimetric applications.
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Chapter 6: Cl osing

This dissertation consists of both theoretical anderpental components. The
theoretical component, Chapter 2 and Chapter 3, presents the design and optimization
methods for a broadband f#8tokes polarimeter. This can be further divided into 4
topics. The first topic is the tiling of N different filteos a rectangular grid. The problem
can be seen as how to best preserve a spatiging information with limited sampling
points. This topic deals with divisieof-focalplane polarimeter only. The second topic is
the choice of color filters for mulspectral measurements. We optimize the best color
filters for two cases, signaihdependent detector noise dominant and sigepkendent
shot noise dominant. The third topic is the choice of analyzers for polarization
measurements. We optimize the bdstnalyzer combination to measure thekment
Stokes vector for differerd. The fourth topic is the design of achromatic analyzers. We
consider a special configuration of stacking two linear retarders and one linear/circular
polarizer and give the correspondigeometrical illustration to simplify the optimization
problem. For other configurations, a brfivece search algorithm is applied and

discussed in the Appendix B.

The experimental component of this thesis, Chapter 4 and Chapter 5, demonstrates
two RGBfull-Stokes polarimeters of different configurations. The polarimeter in Chapter
4 uses a divisioff-amplitude configuration. A beam splitter divides the incoming light
into two paths. One path is measured by an existing RGB 1Bte&es camera. Another
path first goes through an achromatic waveplate and then measured by another linear
Stokes camera. The achromaticity of this polarimeter comes from a commercial multi
layer achromatic waveplate. The polarimeter in Chapter 5 uses a pure dofifomal
plane configuration. A pixelated low dispersive linear retarder array is fabricated and
applied to a commercial RGB line8tokes camera. The achromaticity of this
polarimeter comes from the ledispersive nature of the retarder material. This is in
contrastto the multilayer achromatic analyzer design discussed in Chapter 3. To
incorporate the muHiayer achromatic analyzers into an experimental divisibfocal
plane broadband fulbtokes polarimeter, a robust process is required to fabricate
patterned ralti-layer elements in the micigcale.

Rer



110

For future work, we would like to construct a broadband divisibfocalplane
polarimeters using patterned mtliyer achromatic analyzers. A reliable process is
proposed in the Appendix A. Unfortunately the expental part of this is still kprocess
and unlikely to be finished in this dissertation.
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Appendi x A: Patterned achr
el ement s and br ecdffdbepahlda na@&i v
pol ari meters

Achromatic polarization elements are essential in broadban8thites polarimeters.
To enable a division of focal plane broadband polarimeters, patterned achromatic
polarization elements are repd. The pattern size should be comparable to the pixel
size to achieve a reasonabBmpling pitch of polarizatiorin Chapter 5, we pattern a
single layer low dispersive material on a photoalignment material that is selective
exposed by linear polarizedV light (LPUV). Sincein this case¢he suppression of the
chromaticity comes from the intrinsic low dispersive nature of the material, the
achromaticity of this design is limited by the material and unable to improve unless better
material is inventedAlternative solution is required to achieve higher achromaticity on a

wider spectrum range.

Combination of multiple layers of birefringent material can substantially improve the
achromaticity. In Chapter 3, a muléiyer unpatterned achromatic polarizer pams
demonstrated experimentally using phatgned liquid crystal polymer (LCP). The
multi-layer achromatic polarizer is shown to be sensitive teagistangle variation
according to Fig. 3.4.4. We also know from Fig. 5.3.2 that when patternin@Cfhed_a
seleciveL PUV exposed LPP | ayer, the director of
orientation defined by the LPP. Instead, the directorratfite graduallyo balance
between its elastic force and the anchoring force from TRi8.not onlycauses director
orientation mismatch from the printed orientation on LPP, but also produces unexpected
circular retardance due to director twisting. These offdgend on many external
factors such as the elastic constant and the anchoringafiodcarenard to predict
theoretically As a resultjt is hard toensure the experimental outcotoebe exactly the
theoretical desigrorthe unpatterned casewhich LPP receives single LPUV
exposuretheLCP director will all follows the anchoring directiori bPP and suffers no
deformation. The balance between elastic energy and anchoring force no longer exists.
Therefore, we are more confident that the experimental outcome will match the design.
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Fig. A.1. The process flow of an ettlased patterned multhyer achromatic polarization
element.

Here we propose another way to fabricate patterned-fayér achromatic
polarization elements by directional etching. Figure A.1 shows the process flow. Detailed

steps are described below.

1. Alayer of LPP/LCP is fabcated using conventional pheatigned LCP
technique described in Chapter 3 and Chapter 5. Thedd&ives single
exposure o& uniform LPUV light.

2. Alayer of SiO2 is deposited as a barrier layer.

3. Repeat Step 1 and Step 2 to get rdalfier of LPP/LCP. Té last SiO2 layer
should be at least 2 times thicker than previous coated SiO2 layers.

4. Photoresist is coated on top and expaosit a patterned UV light. The exposed

region is subsequenthgmoved by developer solution

5. Directionalplasmaetching is appéd to remove SiO2 that is not protected by the

photo resist. The etching recipe is developed specifically for SiO2. This means it



114

will etch the SiO2 in a faster rate thédoe organic materiabuch as poto resist,
LPP and LCP. SiO2 that is protected by eveloped photo resig unetched and
will subsequenthact as protective mask for LCP and LPP.

6. Another etching recipe is applied to remove unprotected LCP and LRP. Th
etching recipas for organic materiabnly. LCP/LPP protected by the SiO2 is
kept.After that step, theopmostlayer of LCP and LPP is patterned.

7. Repeat Step 5 and Step 6 to get every LCP/LPP layer patterned. After that, a
patterned multlayer system is achieved. Regions of LCP that are covered by the
protective SiO2 mask are protectedlanot etched, while other regions will be

completely etched through, leaving a blank substrate.

In this method, the patterning is completed by the selective etching instead of the
patterned LPUV exposure on LPP. The LCP director will strictly follow thentation of
the LPUV orientation and therefore can be controlled accurately, making it possible to
realize a multlayer achromatic polarization element design without suffering frGm

alignment offset

Fig. A.2. A patterned achromatic linesatard is applied on a micqmolarizer array to
enable a broadband divisiarf-focatplane polarimeter.

































