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A white-light snapshot channeled linear imaging (CLI) polarimeter is demonstrated by utilizing polar-
ization gratings (PGs). The CLI polarimeter is capable of measuring the two-dimensional distribution of
the linear Stokes polarization parameters by incorporating two identical PGs, in series, along the optical
axis. In this configuration, the general optical shearing functionality of a uniaxial crystal-based Savart
plate is realized. However, unlike a Savart plate, the diffractive nature of the PGs creates a linear de-
pendence of the shear versus wavelength, thus providing broadband functionality. Consequently, by in-
corporating the PG-based Savart plate into a Savart plate channeled imaging polarimeter, white-light
interference fringes can be generated. This enables polarimetric image data to be acquired at shorter
exposure times in daylight conditions, making it more appealing over the quasi-monochromatic chan-
neled imaging polarimeters previously described in the literature. Furthermore, the PG-based device
offers significantly more compactness, field of view, optical simplicity, and vibration insensitivity than
previously described white-light CLI polarimeters based on Sagnac interferometers. Included in this pa-
per are theoretical descriptions of the linear (Sy, S;, and S,) and complete (S, Sy, S, and S3) channeled
Stokes imaging polarimeters. Additionally, descriptions of our calibration procedures and our experimen-
tal proof of concept CLI system are provided. These are followed by laboratory and outdoor polarimetric

measurements of Sy, S;, and S,. © 2011 Optical Society of America

OCIS codes:  110.3175, 300.6190, 110.5405.

1. Introduction

Imaging polarimetry is used to measure the two-
dimensional (2D) spatial Stokes parameter dis-
tribution of a scene. It is a valuable tool in the
characterization of aerosol size distributions, distin-
guishing man-made targets from background clutter,
quality control for evaluating the distribution of
stress birefringence, and for evaluating biological tis-
sues in medical imaging [1,2]. The Stokes vector is
defined as
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where x, y are spatial coordinates in the scene, Sy is
the total power of the beam, S; denotes preference for
linear 0° over 90° S, for linear 45° over 135°, and S3
for right circular over left circular polarization
states. By measuring all four elements of Sdx,yb,
the complete spatial distribution of the polarization
state can be determined.

Typically, Stokes parameters are measured by
recording four intensity measurements sequen-
tially using different configurations of polarization
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analyzers. By utilizing the instrument'’s polarimetric
response, all Stokes parameters can be calculated
by using Mueller matrix calculus. However, time-
sequential measurements of a rapidly changing scene
are susceptible to temporal misregistration. For in-
stance, any motion-induced intensity variations that
occur between the time-sequential measurements
will appear as a false depolarization signature. There-
fore, in order to avoid temporal registration error, all
intensity measurements must be recorded in parallel.
There are several instruments that can measure com-
plete Stokes vectors or individual Stokes parameters
within a single snapshot of a camera(s). These include
division of focal plane (DoFP), division of amplitude
(DoAM), division of aperture (DoA), and channeled
imaging polarimeters (CIPs) [1].

Here, we focus on CIPs [3-5]. In a CIP, interferome-
trically generated carrier frequencies are amplitude
modulated with the spatially dependent 2D Stokes
parameters. Two advantages of a CIP, over the pre-
viously listed polarimeters (DoFP, DoAM, and DoA),
include its inherent image registration and simple op-
tical implementation. Namely, image registration is
inherent since all the Stokes parameters are directly
modulated onto coincident interference fringes.
Additionally, the optical instrumentation required
to incorporate CIP can be augmented onto nearly
any pre-existing lens and camera system with mini-
mal effort.

In this paper, we present an instrumentation im-
provement for CIP. Specifically, we demonstrate a
significantly more compact version of our white-light
CIP, originally based on a modified Sagnac interfe-
rometer [6,7] or an achromatic Fourier transforming
lens [8]. By incorporating polarization gratings (PGs)
as a diffractive Savart plate, the functional form of
the Sagnac interferometer's white-light fringes
are preserved [9]. In Section 2, we outline the theo-
retical basis of the white-light channeled linear
imaging (CLI) polarimeter with polarization grat-
ings. Section 3 describes the calibration procedure
for the CLI polarimeter, followed by an experimental
verification and validation of the system in Section 4.
Section 4 also includes details of our outdoor testing.
Finally, Appendix A theoretically describes the re-
quired system modifications to measure a complete
Stokes vector in white light.

2. Channeled Imaging Polarimetry Using
Polarization Gratings

The basic schematic for the CLI polarimeter is de-
picted in Fig. 1. It consists of two polarization grat-
ings in series (PG; and PG,), both with a period A
and separated by a distance ¢. PGs in this configura-
tion have been used in laser beam steering [10]. How-
ever, as we will demonstrate in this paper, applying
them in spectrally and spatially incoherent light
enables the generation of white-light interference
fringes, analogous to [11]. These two PGs are fol-
lowed by a linear polarizer (LP) oriented with its
transmission axis at 0° with respect to the x axis.
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Fig. 1. Schematic of the CLI polarimeter. Right circular (RC) and
left circular (LC) polarizations diffract into the 1st and p1st dif-
fraction orders, respectively.

An objective lens, with focal length f, images colli-
mated light onto the focal plane array (FPA).

The PGs employed here are members of the bire-
fringent diffractive optical elements class [12-14] in-
cluding spatially periodic birefringence effects, which
are, in this case, realized using liquid crystal (LC)
materials [14-18]. Individually, they act as a thin-
film beam splitter that is functionally analogous to
a Wollaston prism. In both elements, incident light
is angularly separated into two forward-propagating,
orthogonal polarizations. However, PGs are an embo-
diment of the Pancharatnam-—Berry phase [19,20]
operating on circular eigen-polarizations, whereas
Wollaston prisms employ the double refraction effect
and operate on linearly polarized light. Details of the
LC microstructure and holographic fabrication can
be found elsewhere [16,17].

The polarization behavior and diffraction effi-
ciency spectra of this PG are notably different than
conventional phase or amplitude gratings. While its
natural eigen-polarizations are circular (i.e., linearly
proportional to S3/Sp), it can be paired [17] with a
quarter-wave plate (QWP) in order to separate inci-
dent light based on other desired polarizations (i.e.,
S1/Sp or S,/Sy). Light diffracted from the PGs is di-
rected almost entirely into the first (m ¥4 [I)dor zero
(m Y 0) diffraction orders, where angles are defined
by the classical grating equation (sin@,, ¥ami/A
sin 6;,, where A is the grating period, m is the grating
order, and 6,, and 6;, are the diffracted and incidence
angles, respectively). The diffraction efficiency of a
PG is accurately described in most cases [14,17] by

1 Ss
o Va0l Kb, 33p

where K is a factor determined by the LC structure
in the PG.

Our CLI polarimeter incorporates PGs that are
capable of high efficiency operation over a broad
(white-light) spectrum. The original LC-based PG
[16,17] manifests a diffraction efficiency spectrum
that is fairly narrow [15], where high first-order ef-
ficiency (>99%) occurs at wavelengths close to a spe-
cified design wavelength 1y (within A1/ig 13%).
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Fig. 2.

Equations (23)—(25) are applied to the measured data
in order to extract the scene's spatially dependent
Stokes parameters.

4. Experimental Verification of the CLI Polarimeter

The experimental configuration for establishing the
measurement accuracy of the CLI polarimeter in
white light with our proof of concept device is illu-
strated in Fig. 2. It contains a linear polarization
generator (LPG) consisting of a tungsten—halogen fi-
ber lamp illuminating a diffuse white ceramic plate.
The diffuser is positioned near the focal point of a col-
limating lens with an effective focal length, f., of
40 mm. Collimated light propagates to a linear polar-
izer oriented with its transmission axis at 6. This po-
larization generator produces a uniformly polarized
scene for the CLI polarimeter to image. The period of
each polarization grating (PG; and PG,) is A%
7.9um and the focal length of the objective lens is
fo Y223 mm. An infrared blocking filter (IRB) is used
in front of the objective lens to limit the spectral pass-
band of the imaged light to 410-750nm. Last, the
FPA is an 8 bit monochrome machine vision camera,
containing 640 x 480 pixels, placed at the focal point
of the objective lens.

A. Polarization Grating Performance

To assess the performance of the PGs, the zeroth dif-
fraction order’s transmission was measured. This
provides an approximate metric for how efficiently
the PGs are diffracting light into the [T diffraction
orders. Results of the transmission measurements
are shown in Fig. 3, demonstrating that the gratings
are highly efficient for wavelengths spanning
500-750nm, but rather inefficient below 475nm.
Consequently, the zero-order light transmitting be-
low 475nm will cause error in the calculated Stokes
parameters, primarily in the normalization of the
measured Stokes parameters to Sy. Expressing the
Stokes parameters in Eq. (15) as spectrally band-
integrated functions yields
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Experimental setup for establishing the measurement accuracy of the CLI polarimeter in white light.

where DE is the diffraction efficiency of one PG for
the plst or 1st order, the prime superscript on
the Stokes parameters indicate that they have been
spectrally band integrated, and the subscript n % 0,
1, or 2 indicates the S, S, or S, Stokes parameter,
respectively. Here, it is assumed that both PG’s have
the same DE versus wavelength. If we choose a spec-
tral region where the DE is not ideal, such that the
DE < 1.0, then some of the light transmitted through
the PGs is not diffracted. This can be introduced to
the model [Eq. (15)] as an additional unmodulated
zero-order undiffracted offset term A gret:
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Reconstructing via Eqgs. (23)—(25) will yield the ap-
propriate absolute results for S; and S,; however,
Sy will be erroneous due to the additional offset.
Therefore, we introduce the new measured normal-
ized Stokes parameters, denoted by double primes:
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Fig. 3. Measured zero-order and total first-order (7 4
Tpy b T 1) transmission spectra of the PGs.
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where the subscript n % 1 or 2 indicates the S; or S,
Stokes parameter, respectively. Consequently, error
is induced into the S; and S, Stokes parameters from
the normalization to the effectively larger Sy compo-
nent [Shx, yP P Aggretdx, yP]. While error due to this
zero-order light leakage was observed in our outdoor
tests, it was negligible in our laboratory characteri-
zation because our S reference and sample illumina-
tion levels were constant. Ultimately, we anticipate
that PGs with a zero-order light transmission of
less than 3% over the passband would enable better
accuracy regardless of the Sy illumination level.
For our proof of concept experiments, we aim at
demonstrating the CLI polarimeter’s ability to gen-
erate white-light polarization-induced interference
fringes.

B. Calibration Verification

In order to verify the mathematical relationship es-
tablished by Eq. (15), in addition to the calibration
accuracy defined at a constant illumination condi-
tion, reference data were taken with the LPG. The
LPG was rotated for angles 0 between 0° and 180°
in 10° increments. After reconstruction, the central
portion of the field of view was averaged over a 100 x
100 pixel area to obtain an average value for the
measured polarization state. Images of the white-
light interference fringes from this 100 x 100 pixel
area are depicted in Fig. 4 for 6 equal to 0°, 50°,
and 90°.

Note that the phase of the sinusoidal fringes
changes while the amplitude remains constant for
varying linear polarizer orientations. This phase
change is directly related to Eq. (15), and indicates
the varying proportions of S; to S, as the LPG is
rotated. Meanwhile, the amplitude remains constant
because the degree of linear polarization (DOLP ¥

S2p S3/S,) from the LPG is constant ( 1).
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Fig. 5. Measured and theoretical results of the polarimetric
reconstructions.

Plotting the measured S; and S, Stokes param-
eters versus 6 and comparing them to the theoretical
values yields the results depicted in Fig. 5. The cal-
culated RMS error for both curves is approximately
1.6%. This implies that the amplitude modulation
of Eq. (15) accurately follows the incident Stokes
parameter variation.

C. Outdoor Measurements

The snapshot imaging capability of the CLI polari-
meter was also assessed outdoors on moving targets.
For outdoor scenes, the absolute accuracy of the
Stokes parameters for varying illumination levels
is not well established, again due to the zero-order
diffraction efficiency leakage discussed previously
in Subsection 4.A. Consequently, our outdoor results
are provided here to demonstrate the snapshot ima-
ging and reconstruction capabilities in full sunlight.

The optical configuration for these tests is depicted
in Fig. 6. Included is a1 1 afocal telescope consisting
of two 50 mm focal length lenses operating at a focal
number of f/1.8. These optics enable defocus to be
introduced into the image of the scene, while simul-
taneously maintaining focus on the fringes that are
localized at infinity. Defocus is used to band limit the

100x100 pixels (6= 90°)

(©)

Fig. 4. White-light interference fringes generated in the central 100 x 100 pixels on the focal plane array for generating polarizer

orientations of (a) 8 ¥ 0°, (b) 8 ¥ 50°, and (c) 6 ¥ 90°.
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through the analyzing linear polarizer unifies them
into a 45° linear polarization state. The complete elec-
tric field's x and y components incident on the lens is

EL Y4 EY
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POExOE a,n ab JEyOE a,n abb

byExdpanpab Eyiipa,np abb
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The objective lens produces a Fourier transformation
of the field. Performing this on the EX% component
yields

EL ]/4 F l/ZIEX @A_f ,11/4_

Yy ZaEX JEybe/ ™ ¥ b § jEy p Eybe S ¥

b §Ex Eybe/7 PP piEy  jEybe S5
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where Ex and Ey are implicitly dependent on x and y,
f is the focal length of the objective lens, and 4 is the
wavelength of the incident illumination. The inten-
sity is calculated by taking the absolute value squared
of E;. Simplifying the expression with the Stokes
parameter definitions, combining terms into cosines
and sines, and substituting the shear o from Eq. (9),
produces the final intensity pattern on the FPA:

Tax, yb 1/4—Soéx ywh Sgax yheos 205 At
b Sé P cos 2 2m 6 p
200,y an xy
cos 277: A 6xb p
1 . 2mt
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This configuration enables the measurement of all
four Stokes parameters by isolating the various
white-light spatial carrier frequencies U; and U,,
defined as

mi
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For the purposes of this paper, only the linear polari-
meter implementation was experimentally verified
due to the availability of the polarization gratings.
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