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ABSTRACT 

 

Retinal diseases are a major cause of blindness worldwide.  Although widely studied, 

disease mechanisms are not completely understood, and diagnostic tests may not detect 

disease early enough for timely intervention.  The goal of this research is to contribute to 

research for more sensitive diagnostic tests that might use the interaction of polarized 

light with retinal tissue to detect subtle changes in the microstructure.  This dissertation 

describes the GDx-MM, a scanning laser polarimeter which measures a complete 16-

element Mueller matrix image of the retina.  This full polarization signature may provide 

new comparative information on the structure of healthy and diseased retinal tissue by 

highlighting depolarizing structures as well as structures with varying magnitudes and 

orientations of retardance and diattenuation. 

 

The three major components of this dissertation are:  1. Development of methods for 

polarimeter optimization and error analysis; 2. Design, optimization, assembly, 

calibration, and validation of the GDx-MM polarimeter; and 3. Analysis of data for 

several human subjects.  Development involved modifications to a Laser Diagnostics 

GDx, a commercially available scanning laser ophthalmoscope with incomplete 

polarization capability. Modifications included installation of polarization components, 

development of a data acquisition system, and implementation of algorithms to convert 

raw data into polarization parameter images.  Optimization involved visualization of 

polarimeter state trajectories on the Poincaré sphere and a condition number analysis of 

the instrument matrix. Retinal images are collected non-invasively at 20 μm resolution 
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over a 15° visual field in four seconds.  Validation of the polarimeter demonstrates a 

polarimetric measurement accuracy of approximately ± 5%.   

 

Retinal polarization data was collected on normal human subjects at the University of 

Arizona and at Indiana University School of Optometry.  Calculated polarization 

parameter images reveal properties of the tissue microstructure.  For example, retardance 

images indicate nerve fiber layer thickness and orientation, and depolarization images 

(uniform for these normal subjects), are predicted to indicate regions of disease-related 

tissue disruption.  This research demonstrates a method for obtaining a full polarization 

signature of the retina in one measurement using a polarimetrically optimized instrument, 

and provides a step toward the use of complete retinal imaging polarimetry in the 

diagnosis and monitoring of retinal disease. 
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CHAPTER 1: INTRODUCTION 

 

 

Light is a transverse wave with specific statistical magnitude and phase relations between 

orthogonal field components.  Active polarimetry discerns information about samples – 

for example a cell, a crystal, the retina, or the sky – by the changes in magnitude and 

phase after an interaction with polarized light.  Active polarimeters have been utilized for 

at least 200 years to generate the incident polarized light and/or analyze the change in 

magnitude and phase after interaction.  Polarimetry information complements the 

information obtained with other probing methods such as microscopy, spectroscopy, and 

interferometry.  There is a wide range of applications where accurate polarimetry could 

provide valuable information but where its application has not been widely explored due 

to the complexity of polarized light interactions and the corresponding complexity of the 

instruments.  Only in the last 20 years has polarimetry been developed as an active field 

within the optical sciences. 

 

There are many instances where active polarimeters might be useful in biomedical 

research.  Individual cells and cell layers tend to have a regular structure which yields 

measurable differences in the magnitude and phase of polarized light upon interaction.  

Thus polarized light might for example be used to explore the normal structure of a tissue 

layer or to diagnose when that layer has been damaged due to a disease process.  Many 

biomedical researchers have recognized the value of diagnostic techniques utilizing 

polarized light, but these techniques have not entered the mainstream of health care as 
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approved and accepted diagnostic instruments. There is thus a large under-explored 

market for polarization-based instruments which might be utilized in a hospital, clinic, or 

physician’s office to assist in the diagnosis and monitoring of disease.  

 

Biomedical applications for polarized light include probing accessible tissue structures 

where disease processes commonly occur.  One example is the retina, which is subject to 

a number of common diseases such as glaucoma, age-related macular degeneration, and 

diabetic retinopathy, all of which have improved prognosis when detected early.  Many 

researchers have utilized polarized light to investigate the structure of the retina, and a 

smaller number have explored the use of polarized light as a disease diagnostic.  For 

example, retardance measurement has been used to determine when the nerve fiber layer 

is thinner than normal [1].  An increase in depolarization has been used to visualize tissue 

disruptions [2].  One commercially available instrument, the Laser Diagnostics GDx, 

utilizes polarized light to assist in the detection and monitoring of glaucoma.  This 

dissertation will show that the GDx is not well optimized polarimetrically and cannot 

measure a full range of polarization parameters.  

 

In this dissertation a retinal imaging polarimeter, the GDx-MM, is described.   The GDx-

MM is optimized to accurately measure a full range of polarization parameters, and has 

an architecture which may be adapted to clinical use.  This work received major funding 

from Subaward #EP-17093 of National Institutes of Health National Eye Institute grant 

5R01EY007624-17 entitled “The Extent of Retinal Damage”.  This grant was awarded to 
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principal investigator Dr. Ann Elsner at Indiana University School of Optometry, with 

Dr. Russell Chipman at the University of Arizona as a co-investigator.  The specific aim 

of this grant is to determine the spatial extent of retinal damage using noninvasive, 

quantitative mapping of visual function and structure.  Development of the GDx-MM 

contributes to the goal of developing noninvasive technologies to better understand 

retinal function and change due to disease, with particular emphasis on improving early 

diagnosis of age-related macular degeneration. 

 

To develop the GDx-MM, extensive modifications (polarimetric, optical, and electronic) 

were made to a Laser Diagnostics GDx.  This platform provided resources including an 

eye-safe retinal laser scanner and a comfortable patient interface with methods to align 

the eye to the instrument.   The original GDx instrument was provided to the University 

of Arizona by Dr. Elsner, and then returned to Indiana University upon completion of the 

modifications.  In the collaboration between the two universities, the University of 

Arizona provided expertise in polarimetry, optical design, and electronic design, and 

Indiana University provided invaluable insight into ocular structure and polarization 

properties to guide the design.  The individual contributions of the two universities are 

outlined in the following paragraphs. 

 

Polarimetry design for the GDx-MM was performed under the guidance of Dr. Chipman 

at the University of Arizona.  While polarimeter optimization has been reasonably 

(though not extensively) discussed in the literature, the optimization of sample measuring 
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polarimeters which measure a 16 dimensional Mueller matrix (as opposed to simpler light 

measuring polarimeters which measure a 4 dimensional Stokes vector) has not been fully 

developed.  In a major portion of this dissertation, polarimeter optimization theory has 

been developed for Mueller matrix polarimeters, and an error analysis method has been 

developed to predict inaccuracy due to polarimeter and measurement error.  The 

optimization theory and error analysis method were applied to optimize the GDx-MM 

polarimeter design and predict the accuracy given knowledge of the error sources. 

Optimization was performed within the limits imposed by using the GDx as a starting 

point, i.e. that the existing polarization components could be removed or replaced with 

components of similar size and optical properties, and the available mounting space for 

additional components in the optical path was limited.   

 

To be able to measure a full range of polarization parameters, two new polarization 

components (liquid crystal variable retarders) were inserted, one each in the outgoing and 

incoming paths, and the original rotating half wave plate was replaced with a waveplate 

having lower retardance.  The optimization process dictated the retardances and 

orientations of these new elements.  Appropriate optical and mechanical design allowed 

the new polarization elements to be incorporated into the optical path while maintaining 

imaging performance.  An external computer-controlled data acquisition system was 

implemented to support the new requirements, including collecting a larger number of 

images and controlling the polarization elements.  The polarimeter was then calibrated to 

provide an accurate description of the polarimeter function.  Programs were written to 
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perform the several processing steps necessary to convert the raw data to polarization 

parameter images.  Finally, a validation was performed to quantify the measurement 

accuracy.  This work was performed at the University of Arizona. 

 

To demonstrate proof of concept, the GDx-MM was used on several human subjects to 

collect retinal polarization data.  Data was collected over a wide retinal field of view for 

both eyes of two normal subjects at the University of Arizona, and later on the optic 

nerve head and macula regions for the right eyes of 15 normal subjects at Indiana 

University.  In working with human subjects it was sometimes difficult to achieve good 

alignment and focus without pupil vignetting.  Saccadic eye movement and blinking 

during the measurement were common.  However, several good quality datasets were 

obtained.  To facilitate data interpretation, guidance on the character and polarization 

properties of retinal tissue was provided by Dr. Elsner.  The calculated polarization 

parameter images clearly reveal properties of the retinal tissue structure, thus 

demonstrating the potential of Mueller matrix imaging polarimetry.  This research points 

toward design improvements in later generation devices, which may be used to perform 

larger studies including diseased patients to obtain a more thorough understanding of the 

value of the measured polarization parameters in diagnosing and monitoring retinal 

disease. 
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CHAPTER 2: EYE STRUCTURE, DISEASE, AND POLARIZATION PROPERTIES 

 

 

2.1: Introduction 

 

To better understand the general topic of polarization interactions in the eye, it is useful 

to outline the basic light-encountering structures in the eye and describe their 

microstructure.  Once the structural components are understood, polarization properties 

can be predicted based on the tissue microstructure.  In this chapter various models which 

have been developed for the interaction of polarized light with tissue will be discussed. 

Retinal diseases modify many tissue properties, thus changing the interaction with 

polarized light. This chapter also presents a review of the most prevalent retinal diseases, 

and describes research in the area of using polarization to measure ocular polarization 

properties and to diagnose retinal diseases.  Finally, the basic advantages of the GDx-

MM over existing techniques for retinal polarization imaging and disease diagnosis are 

presented and discussed. 

 

2.2: Structure of the Eye and Retina 

The human eye [3], Figure 2.1, can be divided into outer and inner regions.  The outer 

region of the eye consists of two parts:  the anterior cornea, a transparent layer with 

optical power through which light enters the eye; and the posterior sclera, a dense, white, 

opaque layer providing a boundary at the rear of the eye.  Major structures within the 

inner eye include the iris, a ring of tissue which forms the aperture stop of the eye; the 

lens, providing additional optical power; the ciliary body, a ring of tissue surrounding the 

lens; and the retina, a layered tissue structure where an optical image of the external 
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world is formed and sensed.  The inner region of the eye consists of three parts:  the 

anterior chamber, lying between the cornea and iris and containing aqueous fluid; the 

posterior chamber, framed by the lens, iris, and ciliary body and containing aqueous 

fluid; and the vitreous chamber, lying between the lens and retina and containing a 

gelatinous mass called the vitreous humour.  Between the retina and sclera is a blood-rich 

layer, the choroid, which supports the metabolic processes in the retina.  The path of 

image-forming light through the eye is: cornea, aqueous fluid, lens, vitreous humour, and 

retina. 

 

 

 

Figure 2.1.  A section through the human eye showing ocular structures and a schematic 

enlargement of retinal structure.  Reprinted with permission from [4]. 

 

The majority of the eye’s refracting power is provided by the cornea [5].  The layers 

comprising the cornea are the epithelium, Bowman’s membrane, stroma, Descemet’s 
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membrane, and endothelium.  The typical thickness of the cornea is about 0.6 mm; the 

stroma is the thickest layer at approximately 0.5 mm.  The stroma is composed of 200-

300 stacked collagen layers termed lamellae, about 1.5-2.5 μm thick, that run the length 

of the cornea.  Each lamella contains cylindrical shaped collagen fibrils which are parallel 

to each other.  Fibrils have diameters of 32-36 nm and are separated by 20-50 nm, 

substantially smaller than the wavelength of visible light.  The angular orientation of 

fibrils is uniform within a given layer but random with potentially large angle between 

adjacent layers.  The refractive index of the fibrils, about 1.47, is larger than that of the 

surrounding medium, about 1.354. [5] 

 

The lens [5] provides additional optical power which is varied as the ciliary muscle 

within the ciliary body is contracted, changing the shape to provide focal accomodation.  

The bulk, about 3.6 mm thick, is comprised of cellular tissue with non-uniform refractive 

index.  The tissue is comprised of 8 μm diameter fibres oriented radially.  The fibers 

exhibit localized structural order. 

 

The aqueous fluid is a watery fluid generated by the ciliary body to support the metabolic 

processes of the cornea and lens and maintain corneal shape.  The composition is 99% 

water [6], but also contains small amounts of glucose, albumen, proteins, amino acids, 

and lactate.  The vitreous humour is a tough gelatinous substance considerably more 

viscous than water, though the water content is also about 99%.  In addition to salts, 

sugars, and acids such as cyuranic acid, the vitreous humour contains a network of long, 
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thin, separated collagen fibrils, distributed throughout the posterior chamber in loose 

bundles which are cross-linked by fibrils that extend between bundles [7]. 

 

The retina [5], of primary importance to this research, is the light-sensitive surface where 

the optical image is formed.  Distinct features (Figure 2.2) include the macula, the region 

of highest visual acuity; the fovea, the central part of the macula which is free of blood 

vessels; and the optic disc or optical nerve head (ONH), the entry point of the optic nerve 

and the region of lowest visual acuity.  

 

Figure 2.2: A normal human retina as seen through an ophthalmoscope, showing the 

major retinal features and vasculature.  Reprinted with permission from [4]. 

 

The retina is comprised of a number of distinct layers (Figure 2.3), each with unique 

structure.   The overall thickness ranges from 50 μm at the foveal pit, to 600 μm at the 

ONH.  The structure contains three layers of nerve cells sandwiching two layers of 

synapses, as well as a photosensitive layer. 
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   (a)          (b) 

Figure 2.3: The layers of the central human retina. (a): schematic view:  (b):  light 

micrograph.  Reprinted with permission from [4]. 

 

From outer surface (adjacent to the vitreous humour) to inner surface (adjacent to the 

sclera), the layers of the retina are as described below: 

 

Inner limiting membrane (ILM):  thin layer which provides a boundary between the 

vitreous chamber and retinal layers. 

 

Retinal nerve fiber layer (RNFL): A 30-120 μm thick layer composed of unmyelinated 

axons of retinal ganglion cells, gathered into bundles.  These cells consist in part of 

microtubules, collagen filaments, and actin-myosin complexes, all of which are 

effectively parallel oriented cylinders, with size comparable to the wavelength of light, 
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and refractive index slightly larger than that of the surrounding medium.  The fibers are 

radially oriented around the optic disc.  The RNFL is thicker in superior and inferior 

regions, and thinner in temporal and nasal regions. 

 

Layer of ganglion cells (GCL) – A layer of neurons which transmit information to the 

optic nerve head.  The neurons consist of large ganglion cells, which are flask-shaped 

cells with variable size. 

 

Inner plexiform layer (IPL) – A synapse layer which connects the INL neurons to the 

layer of ganglion cells.  It is composed of a dense assembly of small fibrils. 

 

Inner nuclear layer (INL) – A layer of neurons consisting of bipolar (vertical, 

roundish), horizontal (roundish flattened), amacrine cells (roundish) cells which are close 

packed. 

 

Outer plexiform layer (OPL) –A very thin synapse layer which connects the ONL 

neurons to the INL neurons. 

 

Outer nuclear layer (ONL) – A layer of oval-shaped neurons connecting to the rods and 

cones. 
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Outer limiting membrane (OLM) – A thin layer separating the retinal neural layers 

from the photoreceptors. 

 

Photoreceptor layer (rods and cones) – Vertically oriented light sensitive cells of two 

types: the cylindrical rods, useful for low-light and grayscale vision; and the cone-shaped 

cones, somewhat larger than rods, which are useful for high-light and color vision.  

 

Retinal pigment epithelium (RPE) – A pigmented (grey and black) absorbing and 

scattering cell layer which nourishes retinal cells, drawing from the choroid.  It consists 

of a single layer of hexagonal cells that are densely packed with pigment granules. 

 

Bruch’s membrane –The innermost layer of the choroid, having 5 layers consisting of 

elastic and collegenous fibers.  It is quite thin (50 μm) and separates the choroid from the 

RPE. 

 

The structure of the retina in the region of the fovea is slightly different.  Here cone 

receptors are at maximum packing density.  At the center of the fovea is the foveal pit, a 

very thin region where most of the retinal layers have been displaced concentrically, 

leaving only a very thin section of cone cells with a thin overlying section of Outer 

Plexiform Layer called Henle’s fiber layer. 
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Henle fiber layer (in macula): A layer of elongated photoreceptor axons oriented radially 

about the fovea.  This layer has similar structure to the RNFL, but is even more uniform.   

 

For reference the retina is divided into quadrants.  The upper quadrants are labeled 

“superior” and the lower are labeled “inferior”.  The quadrants towards the outer portion 

of the eye are labeled “temporal” and those towards the nose are labeled “nasal”.  A 

horizontal axis centered on the eye can be used to identify the alignment of certain 

structures.  To an outside observer facing the cornea of the right (left) eye, a clockwise 

(counter-clockwise) rotation of the axis is referred to as “nasally downward” or ND, and 

a counter-clockwise (clockwise) rotation is termed “nasally upward” or NU.  In both eyes 

the macula is temporal to the ONH.  Ocular quadrants and retinal landmarks are 

summarized in Figure 2.4. 

 

 

Figure 2.4: Ocular quadrants (superior, inferior, temporal, nasal); axes (NU = nasally 

upward, ND = nasally downward); and retinal landmarks (optic nerve head and macula), 

for right and left eyes. 
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2.3: Models for interaction of polarized light with ocular structures 

The human visual system has limited ability to distinguish polarized light, and is in effect 

polarization-blind.  Polarization vision is present in certain insects and animals such as 

the octopus, where the ability to detect polarization is due to a regular ordering of the 

light-sensitive structures.  For example, in insects and octopus the rhodopsin (visual 

pigment) molecules are aligned parallel to the regularly arranged microvilli tubes, and 

these molecules preferentially absorb light that oscillates along their dipole axis.  In 

insects the microvilli are arranged in a radiating star pattern [8]; in octopus adjacent 

photoreceptors have orthogonal orientations [9].  The photoreceptor structures in the 

human eye, by comparison, are randomly oriented and so there is no overall polarization 

sensitivity.   However, an ocular polarization phenomenon termed Haidinger’s brush, first 

described by von Haidinger in 1844 [10], manifests as a yellow/blue bowtie pattern 

which is faintly visible to many (though not all) people.  This pattern is due to the 

composition and arrangement of pigment molecules in the macular region.  Since the 

human visual system is not designed for visualization of polarized light, it is necessary to 

use an external means to study the interaction of polarized light with ocular structures.  

This is typically done by delivering polarized light to the eye, then observing the 

polarization properties of the light that is returned from the eye (i.e. by backscatter or 

reflection).  For polarized light to reveal information about ocular and in particular retinal 

tissue, several requirements must be met:   
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• There must be a mechanism to return light back in the direction of the probing beam.  

This might be a reflecting or scattering event, from the tissue bulk or from interfaces 

between tissues. 

 

• The returned light must be able to exit the eye and be collected.  This might not be the 

case if the returned light is generated deep within the retinal structure and is absorbed 

and/or scattered away from the collection optics, or if the return light is vignetted by the 

pupil. 

 

• For the presence of non-depolarizing properties (diattenuation and retardance, as 

discussed in Chapter 3), the tissue must have a regular structure over a sufficiently large 

volume, so as to build up a measurable change in the magnitude and/or phase of the 

incident polarized light.  This change will be specific to the structure of the tissue. 

 

• For the presence of depolarizing properties (discussed in Chapter 3), the tissue must 

have a structure such as to measurably scramble the magnitude and/or phase of the 

incident polarized light.  Depolarization may for example be the result of spatial variation 

or scattering within the tissue structure. 

 

• If there are multiple tissue layers in the light path with multiple polarization effects, 

then they must all be considered when analyzing the polarization state of the return light. 
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There is value in analyzing the known geometrical properties of the tissues present in the 

eye, to be able to predict and model their polarization effect.  From tissue sectioning, 

polarized light microscopy [11], electron microscopy [12], and other techniques, it is 

known that those occular tissues with most regular structure are the stroma in the cornea, 

the interior of the lens, the nerve fiber layer in the retina, and Henle’s layer in the retina.  

These anisotropic structures all contain long thin parallel-oriented cylinders (such as 

collagen fibrils or microtubules), uniformly distributed within the surrounding medium, 

and with dimension smaller than the wavelength of visible light (Figure 2.5).  Modeling 

efforts have thus focused on analysis of regular arrays of small cylindrical structures 

embedded within a medium of slightly lower refractive index.  It was first shown by 

Wiener (1912) [13] in his theory of mixed dielectrics that this type of structure, solely 

due to the geometry and the small difference in refractive index between cylinders and 

medium, presents different refractive index to light oscillating along the cylinder axes 

and light oscillating perpendicular to the cylinder axes.  The two light components 

propagate at different phase velocity, just as if the structure were a uniaxial crystal with 

optic axis parallel to the cylinders, and the phase retardance between light components 

increases linearly as a function of propagation distance.  This property is termed “form 

birefringence” [14].  Hemenger [15] further deduced that the same structure leads to a 

higher absorption for light oscillating parallel to the cylinders, than for light oscillating 

perpendicular to the cylinders (similar to a wire grid polarizer), so that diattenuation 

increases with propagation distance.  This property is termed “form dichroism”. 
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Figure 2.5:  Cylindrical structure of the RNFL.  Reprinted with permission from [12].  

 

Though the basic model is relatively straightforward, the simple assumptions are not 

sufficiently accurate to give reliable estimates for polarization properties such as 

birefringence and diattenuation in tissue, a rather complicated medium.  Several 

researchers have customized the theory for specific ocular tissues of interest.  Bragg and 

Pippard [16] expanded on Wiener’s theory for the case of aligned ellipsoidal particles.  

Oldenbourg [17] reexamined Wiener’s theory and applied an improved model to compute 

form birefringence of macromolecules.  Zhou and Knighton [12] considered only the 

RNFL, and developed a model to predict light scattering and birefringence resulting from 

light interaction with four cylindrical tissue constituents:  cell membranes around nerve 

axons (outer diameter 10 nm), microtubules (outer diameter 25 nm, length 10-25 μm), 

neurofilaments (outer diameter 10 nm), and mitochondria within nerve axons (100-200 

nm outer diameter, 1-2 μm length).  By vector summation of the electric fields induced 

by the incident radiation at each cylinder, and assuming that there is no interaction 

between cylinder fields, an expression is found for form birefringence which has strong 

dependance on the ratio of refractive index in cylinders and medium, the volume fraction 
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of cylinders in the medium, and the index of the cylinders.  It is remarked that deviations 

from parallelism and uniform packing significantly affect the theory predictions.  This 

theory was later extended by Huang and Knighton [18] to incorporate interactions 

between RNFL scattering and birefringence; this model predicts that the RNFL 

reflectance has weak intrinsic diattenuation and preserves the degree of polarization, but 

these conclusions are highly dependent on refractive index ratio.   

 

Kemp et al. [19] developed complementary expressions for form birefringence and a 

newly defined quantity, form biattenuance, which describes the differential attenuation of 

light components by either absorption (dichroism) or scattering, and which can be 

expressed on a per-unit-depth basis.  The theory is developed by considering material 

composed of alternating anisotropic layers containing a single layer of embedded 

cylinders and isotropic layers containing water.  The Fresnel relations are used to find 

expressions for form birefringence and form biattenuance; the important distinction 

between the two is that retardance derived from birefringence is wavelength independent 

and linearly dependent on thickness, whereas diattenuation derived from biattenuance is 

wavelength dependent and nonlinearly dependent on thickness.  As the work of Kemp et 

al. is most recent and presents a general theory for the development of form-based 

retardance and diattenuation which is applicable to ocular tissues, this work is 

summarized here as representative of the theory in general.  The model parameters are 

summarized in Figure 2.6.   
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Figure 2.6:  Kemp model of form birefringence and biattenuance, consisting of 

alternating anisotropic and isotropic layers.  The anisotropic layers contain embedded 

cylinders with different refractive index from the surrounding medium, and the isotropic 

layers contain water.  Reprinted with permission from [19]. 

 

Consider the complementary terms birefringence n (differential refractive index for two 

polarization eigenstates) and biattenuance  (differential transmittance for two 

polarization eigenstates), and the complimentary terms phase retardance  (differential 

phase difference for two polarization eigenstates) and relative attenuation  (differential 

magnitude change for two polarization eigenstates).  The relationship among these terms 

is 

 

z
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2
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z
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2

0

 ,      (2.1) 
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where 0 is the center wavelength, and both phase retardance and relative attenuation 

have been expressed in terms of the layer thickness z.  Diattenuation D is related to 

relative attenuation by 

 

D = tanh for small .        (2.2) 

 

Let the anisotropic layers have thickness h1 and the embedded cylinders have index nw, 

center-to-center spacing a (h1  a << 0)  and be imbedded in water with index nw.  Let 

the isotropic layer have thickness h2 and index nw.  Then the effective refractive indices 

parallel (np) and perpendicular (ns) to the fibers are [17] 
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Then n and  can be expressed very compactly as 
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Kemp et al. point out that the ratio / n is dependent on the structural dimensions of the 

cylindrical structures in the material, and that n and  are closely related but 
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independent parameters which convey different information about tissue microstructure.  

Though models of this type are useful for predicting the polarization effects found in 

ocular tissues, they have limited application in quantifying these effects due to strong 

dependencies on variables which are difficult to specify accurately, such as indices of 

refraction, cylinder size, and packing density [20].  Artifacts in measurement techniques 

such as multiply scattered light and speckle noise, variations in cellular structure over 

sample thickness, and variations in the general condition of the sample complicate the 

ability to directly compare model predictions to measured results [19]. 

 

2.4: Experimental methods for ocular polarization interactions 

A wide range of techniques has been employed to study the polarization effects in the 

eye.  A summary of the most important and relevant techniques which have been utilized 

in the past 20 years is presented here.  Earlier studies utilized a human observer or fundus 

camera together with a polariscope (combinations of manually rotated polarizers and 

quarter wave plates) to estimate the extenction ratio and hence the ellipticity of the 

reflected light [21-22].   

 

To determine polarization properties of the cornea a polariscope (Figure 2.7) has often 

been used to view the reflection of the source from the posterior surface of the lens, a 

reflection termed the fourth Purkinje image [23-25].  This measurement determined that 

corneal retardance is significant.  With the polariscope method retardance magnitude and 

axis could be quantified, but quantification of less significant polarization properties such 
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as diattenuation and depolarization was not reliable.  A substantial improvement was the 

Mueller matrix ellipsometry technique reported in 1985 by van Blokland and klein Brink 

[26-29].  This was the first method to use a complete Mueller matrix polarimeter together 

with analysis methods based on the Mueller calculus and Poincaré sphere trajectories, 

which set the stage for later research efforts which have provided quantitative and 

accurate measurements of retinal polarization properties.  This nonimaging technique 

utilized a dual rotating retarder polarimeter configuration with a single photomultiplier 

detector (Figure 2.8).  Polarization properties of the cornea and retina were calculated 

from measured intensity vectors by decomposition into Fourier components.  This 

approach provided a full Mueller matrix of the eye which showed significant retinal 

depolarization.   However, published Mueller matrix algorithms available at that time did 

not provide accurate decompositions of polarization properties for depolarizing Mueller 

matrices (the Lu-Chipman algorithm [30] published in 1996 provided an appropriate 

decomposition method).  

 

 

Figure 2.7:  Schematic diagram of a polariscope instrument used to view the fourth 

Purkinje image.  P,A: linear polarizers; BVR:  variable retarder; LED: light-emitting 

diode; PIV: fourth Purkinje image; L1, L2: collimating lenses; L3: eyepiece.  Reprinted 

with permission from [23].  
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Figure 2.8:  Schematic diagram of a Mueller matrix ellipsometer.  PSG: polarization state 

generator; PSD: polarization state detector; Ar-Kr: laser source; LP: linear polarizer; RP: 

retardation plate; FS: field stop; AS: aperture stop; PM: photomultiplier. Reprinted with 

permission from [29]. 

 

To quickly measure polarization properties over a wide ocular field of view, one of two 

polarimetry methods is now generally used.  In camera-based polarimetry methods, 

polarized light is delivered over the desired ocular region, and the return light from that 

region is analyzed and imaged by a camera (Figure 2.9).  A common configuration is a 

fixed polarizer in the generator and a rotating retarder and fixed polarizer in the analyzer 

[20,31-33].  Related comfigurations include a rotating retarder in the generator [34] or 

use of a liquid crystal variable retarder [35].  A limitation is that the generator and 

analyzer must be uniform or at least carefully calibrated over a large region.   
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Figure 2.9:  Schematic of a camera-based incomplete polarimeter.  P1 and P2: polarizers; 

/4: quarter wave plate; M1, M2, and M3: mirrors; L1 and L2: lenses; BS: beamsplitter 

AP: pupil; OB: objective; DP-CCD: camera.  Reprinted with permission from [31]. 

  

A second technique, scanning laser polarimetry (SLP), has been used by many 

researchers to measure ocular polarization properties [36-38] (Figure 2.10).  The majority 

of these studies have used the GDx, a commercial retinal SLP commercialized by Laser 

Diagnostics Inc. (recently acquired by Carl Zeiss Meditec).  The SLP technique is based 

on a scanning laser ophthalmoscope, a device which uses scanning mirrors to deliver a 

two-dimensional laser scan pattern to the retina, and simultaneously descan the return 

light to a detector.  Intensity images of the retina are assembled through appropriate 

reconstruction of the detector signal.  The addition of polarization elements in the 

outgoing path (generator) and incoming path (analyzer) give the SLP its polarimetric 

capability.  Because retardance is known to be the largest polarization effect in the eye, 

incomplete camera-based and SLP configurations have been designed to measurement 
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only linear retardance.  For example, the GDx instrument can measure linear retardance 

but not diattenuation or depolarization.  The GDx has been used widely in clinical studies 

to measure retinal nerve fiber layer retardance, with results reported by hundreds of 

researchers [1,39,40].  However, measurements are known to be inaccurate in the 

presence of ocular depolarization and diattenuation.  

 

 

Figure 2.10:  Schematic of an incomplete scanning laser polarimeter.  LD: laser diode; P1 

and P2: polarizers; M: mirror; QWP: quarter wave plate; I: iris; GS: galvonometric 

scanner;  BS: beamsplitter; P: pinhole; PMT: photomultiplier tube.  Reprinted with 

permission from [38]. 

 

In the past 15 years polarization capability has been added to optical coherence 

tomography (OCT) instruments to provide polarization profiles of ocular tissues with 

depth resolution of a few micrometers.  This technology, first reported by Hee [41], is 

termed polarization sensitive OCT (PS-OCT, Figure 2.11).  In basic OCT technology, a 

low-coherence source is used in a Michelson or Mach-Zehnder type interferometer.  With 

its short coherence length interferograms are produced which accurately identify 

reflecting or back-scattering layers located where the sample and measurement arms are 

of equal length.  Interpretation of the interferograms gives optical path lengths, which are 

converted to distances by assuming refractive indices.  Very high resolution three-
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dimensional structural information about tissues can be assembled (Figure 2.12).  To 

obtain polarization information, the source is generally linearly polarized at 45° or 

circularly polarized to ensure that horizontal and vertical components are equal in 

intensity.  Two channels are required through the sample and reference arms (for 

horizontal and vertical light), and the phase relationship between them must be recorded 

after passing through a polarization analyzer such as a fixed or variable retarder.  Mueller 

matrix methods are often used to reconstruct polarization parameters [42,43].  Depending 

on generator and analyzer configuration, PS-OCT can be used for simultaneous depth-

resolved determination of reflectivity, retardation, slow axis orientation, and relative 

attenuation [44-48].  Problems with this approach include speckle noise, inaccuracy in 

refractive index estimates, and high cost.  PS-OCT has so far been limited since multiply 

scattered light that has lost coherence is rejected; thus depolarization cannot be measured 

and a full Mueller matrix cannot be obtained. 
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Figure 2.11:  Schematic diagram of a PS-OCT setup.  PBS1 and PBS2: polarizing beam 

splitters; QW1 and QW2: quarter wave plates; DET1 and DET2: photodetectors; SLD: 

superluminescent diode; PZT: piezoelectric transducer; A/D: analog to digital converter.  

Reprinted with permission from [41].  

 

 

 

Figure 2.12: Structural detail of retinal layers obtained using OCT.  RNFL: retinal nerve 

fiber layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform 

layer; ONL: outer nuclear layer; IPR: interface between inner and outer segments of 

photoreceptor layer; RPE: retinal pigment epithelium; C/C: choriocapillaris and choroid 

Reprinted with permission from [49].  
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Mueller matrix imaging polarimetry (the technology utilized in this dissertation) is an 

extension of the camera-based and scanning methods described above, using a 

polarimeter that is complete so that a full Mueller matrix at every point in a retinal image 

may be measured.  Full Mueller matrix imaging polarimetry of ocular structures has been 

reported by two groups:  the first, a collaboration between Juan Bueno at Universidad de 

Murcia and Melanie Campbell at the University of Waterloo, and the second, Chris 

Dainty and David Lara at the National University of Ireland.  Bueno and Campbell have 

reported on three different configurations:  a camera-based type with polarizer, variable 

liquid crystal retarder, and removable quarter wave plate in both generator and analyzer 

[50-52]; a camera-based type with polarizer and rotating quarter wave plate in generator 

and analyzer [53,54]; and a scanning type with polarizer and rotating quarter wave plate 

in generator and analyzer mounted in a confocal scanning laser microscope / 

ophthalmoscope [55,56].  A representative system layout is shown in Figure 2.13.  

Exactly 16 measurements are made (pairs of four combinations each of generator and 

analyzer) to produce Mueller matrix images.   The camera-type polarimeters have been 

used to quantitatively measure degree of polarization, diattenuation, polarizance, 

retardance, retardance axis, and ellipticity in the in vitro cornea [53] and lens [54], and 

have provided a small amount of data on the in vivo eye [51].  The scanning-type 

polarimeters have been applied to image quality and feature visualization improvement 

by use of the top row of the Mueller matrix image to compute images with higher signal 

to noise ratio or entropy [56, 57].  
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Figure 2.13:  Schematic of a complete Mueller matrix imaging polarimeter.  P1 and P2: 

polarizers; QWP1 and QWP2: quarter wave plates; BS: beamsplitter. Reprinted with 

permission from [55]. 

 

Lara and Dainty have reported a polarimetric configuration which, though designed to 

probe biological samples and in particular the human eye, is at an early stage of 

development and no data has yet been presented [58,59].  Their polarimeter design 

(Figure 2.14) is based on a confocal microscope.  At present imaging is performed by 

manual lateral and axial translation of the sample.  However, the polarization sectioning 

process differs significantly from other methods used to perform ocular studies and is 

demonstrated to be highly stable and well calibrated in the presence of error sources.  In 

the generator section is a polarizer followed by two Pockels cells, electro-optic 

modulators which function as variable linear retarders.  By appropriate choice of 

orientations and retardances polarization states over the entire Poincaré sphere can be 

accessed.  The analyzer section is a division of amplitude polarimeter design in which the 
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beam is split into four components (horizontal polarized, vertical polarized, 45° 

polarized, and right circular polarized) and simultaneously directed to four 

photodetectors.  This arrangement allows for the complete measurement of the Stokes 

vector from the sample.  A total of 256 polarization states are generated and analyzed, 

and Mueller matrices are computed from the appropriate 24 Fourier components of the 

intensity modulations measured at the detectors.  There are no moving parts, and thus 

Mueller matrix data at each point can be obtained at high speed. 

 

Figure 2.14:  Schematic of the polarimeter designed by Lara and Dainty.  ND: neutral 

density; Glan-Taylor: polarizing prism; Pockels 1 and 2:  Pockels cell variable retarders; 

M1: mirror; L1: collimating lens; Bs1, Bs2, Bs3, and Bs4: non-polarizing beamsplitters; 

PBs4: polarizing beamsplitter;  Obj1, Obj2, and Obj3: objective lenses; Ph: pinhole;  

Qwp: quarter wave plate; P0 and P45: linear polarizers; D1-D4: photodetectors.  

Reprinted with permission from [59]. 

 

2.5: Polarization properties of ocular structures 

The published findings on the polarization properties of ocular structures are not always 

consistent, due to differences in technique, the use of various eye sources (pig, sheep, 
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cow, rat, human), and tissue quality differences between in vitro and in vivo 

measurements.  The following is an overview of the current state of knowledge. 

 

Cornea 

The transparency of the cornea and lens implies a level of structural organization [60-62], 

which in turn suggests the presence of measurable polarization effects.  In the case of the 

cornea, polarization effects are due to the sheets of stacked collagen fibril lamellae of 

different orientations which are present in the stroma.  The cylindrical fibers, stacked in 

an interfiber medium of lower refractive index, give rise to both linear form birefringence 

(retardance) [53] and form dichroism (diattenuation) [63].   van Blockland and Verhelst 

found that the cornea behaves as a biaxial crystal with the fast axis normal to the surface 

and the slow axis pointing nasally downward [28].  This may imply that the fiber layers 

are not oriented completed at random, but instead have a preferential direction.  It has 

also been suggested that the birefringence is due to stress and the resulting distortion as 

the fibrils are held at regular intervals by proteglycan molecule components of the 

extracellular matrix [64].   

 

A summary of various researcher’s measurements of corneal retardance magnitude and 

orientation is presented in Table 2.1.  Some results are not spatially resolved and may 

represent an average over a substantial corneal area.  Goetzinger, Pircher, and their 

colleages [44, 65] produced spatially-resolved retardance magnitude and orientation maps 

using PS-OCT, and found lowest single-pass retardance in the center of the cornea for 
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beams normal to the surface, increasing in all radial directions (with axial symmetry) and 

for oblique angles (Figure 2.15).  The slow axis was found to vary approximately linearly 

with aximuth angle, constant with depth.  These results are consistent with the presence 

of lamellae sheets having two preferential, orthogonal directions interspersed in a 

background of lamellae with random orientation.  The several methods used to measure 

corneal retardance use incomplete polarimeters, and may not measure retardance 

accurately in the presence of diattenuation and depolarization.  However, it can be 

concluded from the published results that corneal retardance lies in the approximate range 

of 0º – 120º, and the axis ranging from slightly nasally downward to strongly nasally 

upward.   

 

Table 2.1: Overview of corneal retardance measured by various researchers 

   

Reference Conditions Retardance Axis 

36 SLP 

780 nm 

in vivo human corneas (106) 

14 nm - 182 nm 

(6.5° – 84°) 

double pass 

13° NU - 73° ND 

23 Polariscope 

585 nm nm 

in vivo human  corneas (73) 

0 nm-190 nm 

(0° – 117°) 

double pass 

13° NU - 72° ND 

44 PS-OCT 

828 nm 

in vitro human corneas 

13°- 30° 

single pass 

Linear variation 

w/ azimuth angle 

34 Camera-based polarimeter 

633nm 

in vitro human corneas (12) 

9°- 43° 

single pass 

Constant in center 

cornea 
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Figure 2.15:  Corneal retardance distribution as measured using PS-OCT.  (a): retardance, 

blue = 0° and red = 90°.  (b): fast axis orientation, blue = -90° and red = +90°.  Reprinted 

with permission from [65]. 

 

Diattenuation in the cornea is a much smaller effect, due to dichroism [63] and 

anisotropic light scattering by the collagen fibers [47].  Diattenuation was measured by 

Bueno and Jaronski using a complete Mueller matrix imaging polarimeter on excised 

bovine and porcine corneas [53] and found to be in the range 0.03 ± 0.01 single pass.  

They also reported a high degree of polarization of 0.9 ± 0.1 single pass.  Measurements 

by Louis-Dorr et al. [63] using an incomplete polarimeter on excised sheep corneas 

showed that corneal dichroism is extremely weak.   

 

Studies of the crystalline lens indicate that it has an intrinsic birefringence induced by a 

regular arrangement of cellular structures, as well as form birefringence due to the long-

range structure of fiber membranes and interstitial cytoplasm [29,54].  Studies by 

Bettelheim [66] and Weale [67] indicate that the intrinsic and form birefringence are of 

opposite sign and similar magnitude so that the measurable retardance is small.  Using 

nine older eyes from an eye bank, Bueno and Campbell [54] found lens retardance of     
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7° ± 2° which was axially symmetric about the center of the lens, and decreasing from 

center to edge.  The orientation of the slow axis varied between individuals.  They also 

measured diattenuation of 0.05 ± 0.03 and degree of polarization of 0.64 ± 0.04.  In 

general, the polarization properties of the lens are much less significant than those of the 

cornea, and are often neglected. 

 

In addition to polarization effects in the cornea and lens, small effects have been found in 

the aqueous humor [68,69].  Primarily due to the presence of glucose, albumin, and 

ascorbic acid, but also due to the presence of at least 20 other compounds, the aqueous 

humor exhibits optical activity.  The optical activity arises because compounds are chiral 

(have a “handedness”); as a result the plane of polarization of linear polarized light is 

rotated as it traverses the aqueous solution.  Baba has measured the rotation to be less 

than 14 millidegrees for a 1 cm pathlength [69].  This effect is extremely small and has 

never been considered in any retinal polarization studies. 

 

Retina 

Only the retinal nerve fiber layer (RNFL) and Henle’s fiber layer have been demonstrated 

to exhibit substantial polarization properties, though the photoreceptor layer and Bruch’s 

membrane also contribute to polarization.  RNFL birefringence has been studied by 

several researchers, and is known to vary with position around the optic nerve head 

(ONH), being highest in superior and inferior locations, and lowest in nasal and temporal 

regions, probably due to lower neurotubule density [47,49] (Figure 2.16).  The 
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birefringence profile is approximately constant along circles centered on the ONH, and 

given that bundles are radially oriented this suggests that birefringence is constant along 

the bundles [37].  Total retardance depends on both birefringence and thickness; RNFL 

thickness is greatest in the inferior and superior regions, and thins with distance from the 

ONH [49].  Birefringence and retardance measurements obtained by various researchers 

are summarized in Table 2.2.  Birefringence values are calculated using retardance and 

thickness measurements, which may be obtained using the same or different instruments.  

As the tissue characteristics vary within and between samples, retardance and thickness 

measurements also vary, but the calculated birefringence should be directly comparable.  

In some cases the researchers did not explicitly state the measured retardance values and 

so approximate ranges are inferred from graphs.   

 

 

 
(a) (b) 

 

Figure 2.16:  Retinal birefringence distribution (solid line) as a function of depth as 

measured using PS-OCT.   The vertical line indicates the boundary of the RNFL.  The 

dashed line indicates the slope of double pass phase retardation per unit depth.   (a): 

region temporal to the ONH.  (b): region superior to the ONH.  Reprinted with 

permission from [49].  
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Table 2.2: Overview of retinal birefringence and retardance measured by researchers 

   

Reference Conditions Birefringence Retardance 

70 Ellipsometer + histology 

514 nm 

in vitro monkey retina 

0.19 nm/μm 

(0.13 º/μm) 

0.9º – 23.7º 

double pass 

33 Imaging polarimeter + histology 

440 – 830 nm 

in vitro rat retina nerve fibers 

0.23 nm/μm 

(0.1 – 0.19 º/μm) 

3.17 +/- 0.13 nm 

(1.4º – 2.6º) 

single pass 

45 PS-OCT 

850 nm 

in vivo human retina 

0.29 º/μm ~ 50º 

double pass 

49 PS-OCT 

840 nm 

in vivo human retinas (2) 

0.10 – 0.35 º/μm ~ 15º – 75º 

double pass 

37 SLP + OCT 

780 nm / 800 nm 

in vivo human retinas (26) 

0.32 +/- 0.03 nm/μm 

(0.15 +/- 0.01 º/μm) 

~ 10º - 50º 

double pass 

47 PS-OCT 

830 nm 

in vivo monkey retina 

0.076 – 0.173 º/μm 3.9º – 29.5º 

double pass 

 

It can be concluded that RNFL birefringence lies in the approximate range of                

0.1 – 0.35 º/μm, and in vivo human retinal retardance lies in the approximate range of  

15º - 75º, comparable to that of the cornea.  

 

Several studies, summarized in Table 2.3, suggest that the RNFL has weak diattenuation 

and high degree of polarization.  Since measured values depend on the RNFL thickness 

there is some variation among the results.  In addition to the quantified results,  Campbell 

and Bueno 2005 [56] found using complete Mueller matrix polarimetry that the RNFL has 

a high degree of polarization,  polarizance, and diattenuation, particularly in the regions of 



  53 

the lamina cribosa and neural retinal rim (Figure 2.17).  Polarization images obtained using 

this instrument have clear artifacts such as a vertical line and shadows next to vessels (due to 

imperfect image registration) which partly obscure the polarization content. 

 

Table 2.3: Overview of retinal diattenuation and Degree of Polarization (DoP) measured 

by various researchers 

   

Reference Conditions Diattenuation DoP 

71 Dichrograph 

Xenon broadband source 

in vitro sheep retina 

0.001 

single pass 

 

20 Imaging micropolarimeter 

440 – 830 nm 

in vitro rat retina nerve fibers 

0.3 

double pass 

1 along bundles, 

0.8 – 0.87 

between bundles 

72 PS-OCT 

~850 nm (presumed) 

in vivo human retina 

0.063 

double pass 

 

19 PS-OCT 

830 nm 

in vivo primate retina 

0.023 

double pass 

 

73 Complete imaging polarimeter 

633 nm 

in vivo human retinas (3) 

0.1 

double pass 

 

26 Mueller matrix ellipsometer 

514 nm 

in vivo human retinas (2) 

 0.85 – 0.89 

double pass 

74 Mueller matrix ellipsometer 

488 - 647 nm 

in vivo human retina 

 0.8 – 0.9 

double pass 

31 Incomplete imaging polarimeter 

780 nm 

in vivo human retinas (7) 

 0.67 – 0.92 

double pass 

75 Complete imaging polarimeter 

633 nm 

in vivo human retinas (5) 

 0.05 – 0.75 

double pass 
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Figure 2.17:  Retinal data obtained with a complete Mueller matrix imaging polarimeter.  

The four images represent the top row of the Mueller matrix calculated on a pixel by 

pixel basis.  The scale is for the second, third, and fourth elements; in the first image, 

black corresonds to zero and white corresponds to one.  Reprinted from [56].   

 

As the RNFL is an outer layer with high reflectivity and scattering and significant 

retardance, its presence obscures the polarizing properties of the underlying, deeper 

retinal layers.  However, polarization-sensitive optical coherence tomography (PS-OCT) 

has enabled study of these lower layers.  One study found a lack of birefringence in the 

layers between the Outer Plexiform Layer and the RNFL [76], and another study found a 

lack of birefringence in all layers between the RPE and RNFL [49].  The Henle fiber 

layer, consisting of elongated photoreceptor fibers extending radially from the fovea, 

exhibits form birefringence and form diattenuation properties which are similar to those 

of the RNFL [26,77].  Single-pass retardance is approximately 10° at visible wavelengths 

[26].  Diattenuation in the macular area is also due to the alignment of pigment molecules 

within the fiber cell membranes, and is the source of the Haidinger’s brush polarization 

pattern [77].   
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At the central fovea, an hourglass or bowtie shaped retardance pattern has been observed 

by several researchers.  It has been proposed that this pattern is due to the overlap of two 

ocular structures which can be modeled as linear retarders: the corneal stroma with fixed 

retardance magnitude and orientation, and the Henle fibers in the retina with fixed 

retardance magnitude and radial slow axis orientation [26].  This combination forms a 

composite linear retarder having axis orientation which varies linearly with azimuth 

angle.  Where the two axes are aligned the retardances add, and where orthogonal they 

subtract.  Pircher [76] has confirmed using PS-OCT that the retinal retarder is localized in 

the region of the Henle layer.  van Blockland [26] and Zhou and Weinreb [78] discuss the 

use of the bowtie pattern to infer the magnitudes of the two retarders and the orientation 

of corneal retardance.  This topic is of particular importance in scanning laser polarimetry 

and will be further discussed in Chapters 5 and 12. 

 

The cone outer segments have been reported to exhibit negative form birefringence 

because of the stratified structure.  The optic axis is directed along the cone segment, and 

very small birefringence of -0.009 has been reported [79].  It was demonstrated by van 

Blockland et al. [74] that light guided by photoreceptors retains polarization; this effect 

was also observed by Burns et al. [80].  The RPE [81] consists of a single layer of 

hexagonal cells densely packed with pigment granules.  Membranes separate the cell 

layer from the photoreceptor segments above and from Bruch’s membrane and the lower 

choroid layer below.  This layer exhibits strong absorption and backscatter.  Polarization 

studies of this region using PS-OCT have detected two distinct layers, the upper 
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polarization maintaining, and the lower having strong depolarized back-scatter [76].  

However, the incident polarized light which traverses Bruch’s membrane to reach the 

underlying choroid is apparently highly polarized.  The choroid itself has been observed 

to preserve polarization [49,76], but this observation may be influenced by the presence 

of strongly birefringent collagen in the underlying sclera, or high absorption due to blood 

vessels in the choroid [49]. 

 

Given the large number and varying composition of ocular structures it is important to 

identify the main sources of the return light on which the polarization analysis is based, 

and to classify these sources in terms of their expected polarization effect and overall 

contribution to the return flux [82].  The tissues within the eye producing the highest 

magnitude polarization-preserving back-reflections are the vitreous-retinal interface and 

the RNFL-ganglion cell layer interface.  Tissue layers which have a regular structure and 

thus preserve polarization include the cornea, lens, RNFL, Henle fiber layer, cone and 

rod photoreceptors, Bruch’s membrane, and the underlying sclera.  The superficial layers 

above highly reflecting interfaces (cornea, RNFL, and Henle layer) are the principal 

sources of birefringence and diattenuation (the exception being in areas such as the 

scleral crescent region temporal to the optic nerve head, where photoreceptors and RPE 

are absent).  Tissue layers which have an irregular structure and would be expected to 

scramble polarization include the neural layers, cone cell bodies, RPE, and choroid.  As 

the RPE and choroid are the strongest scatterers these deeper structures are emphasized 
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by the multiply scattered depolarized return light.  A schematic of ocular structures which 

influence polarization is shown in Figure 2.18. 

 

 

Figure 2.18:  Ocular components which influence polarization.  Tissues retaining 

polarization content are labeled in black; those which scramble polarization content are 

labeled in gray.  Reprinted with permission from [82]. 

 

In summary, measurable polarization properties such as retardance, diattenuation, and 

optical activity are present in most ocular structures, but only a few structures present 

strong polarization properties.  Among all ocular structures, the largest effect is linear 

form-based retardance within the cornea, and substantial variation exists between 

individuals in magnitude and orientation.  Also significant is linear form-based retardance 

in the RNFL and Henle layers of the retina.  In this case the variation in magnitude and 

orientation around the perimeter of the optic nerve head and macula is larger than the 
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variation between individuals.  Minor amounts of retardance are found in the lens and 

other layers of the retina, and minor amounts of diattenuation are found in the cornea, 

lens, and retina.  Degree of polarization is on the order of 0.9 for a young healthy eye, but 

decreases substantially with age, on the order of 0.6 at age 70 [31].  

 

2.6: Retinal Diseases 

The most prevalent retinal diseases are glaucoma, age-related macular degeneration 

(AMD), and diabetic retinopathy (DR).  Together these diseases account for 

approximately 25% of blindness worldwide, and are the leading causes of blindness in 

developed nations [83] (the leading cause of blindness worldwide, particularly in 

undeveloped nations, is cataracts).  These diseases affect retinal tissue in characteristic 

ways, leaving footprints which may be utilized to diagnose and monitor disease 

progression.  However, the root causes of these diseases are poorly understood, and 

current methods often cannot detect the earliest signs and symptoms.  In this section, each 

of the most prevalent retinal diseases is discussed, in terms of its effects on retinal tissue, 

and also in terms of current diagnostic methods, demonstrating why a polarization-based 

early diagnosis might significantly improve prognosis for disease sufferers. 

 

Glaucoma [84] is the second leading cause of blindness world-wide, affecting over 60 

million persons, and is the leading cause in developed nations [83].  It is related to the 

failure of the aqueous humor to adequately drain through the trabecular meshwork.  As 

such it is often, though not always, associated with an increase in intra-ocular pressure.  
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Due to the increased pressure and/or other mechanisms, the retinal ganglion cells are 

deprived of neurotrophins, primarily BDNF, which is blocked at the lamina cribrosa.  The 

resulting release of excitotoxins such as glutamate overstimulate receptors at the cell 

surface, allowing excess calcium to enter the cell and causing a chemical chain reaction 

which stimulates the production of free radicals and reactive oxygen.  This process 

eventually leads to the progressive apoptosis of retinal ganglion cells and axons of the 

RNFL.  The RNFL thickness decreases as the disease progresses and is a primary 

diagnostic indicator.  Researchers have also reported on ischemia and the failure of 

autoregulation mechanisms as causative factors [85,86].  The most common form of 

glaucoma is primary open-angle glaucoma, in which the drainage system remains open 

but there is a slow but progressive loss of optic nerve fibers, leading to excavation of the 

optic disc causing tunnel vision and eventual total blindness.  A typical fundus image for 

a glaucomatous eye is shown in Figure 2.19b.  

 

The traditional diagnostic tests for glaucoma include optic disc assessment, measurement 

of intraocular pressure, and visual field test.  However, several studies have demonstrated 

that a large percentage of patients experience structural damage to the RNFL several 

years before the onset of measurable visual field loss, indicating the need for improved 

diagnostic testing [87-89].  A recent study indicated that as many as 50% of primary 

open-angle glaucoma patients were unaware of their disease at the time of diagnosis, with 

symptoms appearing only after significant visual loss had occurred.  One of the principal 

indicators of glaucoma, elevated intraocular pressure, occurs in only half of primary 
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open-angle glaucoma cases [90,91], and is commonly present in patients with ocular 

hypertension, who do not develop glaucoma [92].  The need for improved early 

diagnostics has led to the recent introduction of methods for directly probing the RNFL.  

These include scanning laser ophthalmoscopy or SLO (e.g. Talia Technology RTA) 

which offers high resolution fundus imaging; scanning laser polarimetry (e.g. Laser 

Diagnostic Technologies GDx), which adds polarization capabilities to an SLO to 

calculate RNFL thickness from a measurement of retinal retardance; confocal scanning 

laser microscopy (e.g. Heidelberg Retina Tomograph), used to obtain three-dimensional 

images of retinal topography; optical coherence tomography or OCT (e.g. Carl Zeiss 

Meditec Stratus OCT), a low coherence interferometry technique used to provide a cross-

sectional view of retinal structure; and laser Doppler blood flow measurement (e.g. 

Heidelberg Retina Flowmeter) which provides mapping of retinal micro-circulation.  It is 

important that diagnostic instruments such as the GDx and OCT are able to quantify the 

extent and progression of glaucoma, thus streamlining the diagnosis process and 

simplifying the evaluation of new drugs during the drug trial process.  No such 

quantifying diagnostic instruments are currently available for AMD or DR. 

 

Treatment of glaucoma has traditionally focused on methods to reduce intraocular 

pressure, including medication, laser trabeculoplasty, and surgical trabeculectomy.  A 

wide range of studies have proved the efficacy of these methods, and demonstrated that 

treatment given before syptoms develop is highly beneficial in improving eventual 

outcome [93-95]. 
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AMD [96] is the third-leading cause of blindness world-wide, and the second leading 

cause in developed nations [83].  This disease affects the macular region of the retina, 

and is initiated as abnormalities develop in the enzymatic activity of RPE cells, causing 

them to lose their ability to pump essential nutrients to the retina and to move waste 

products down to the underlying choroidal blood vessels.   As a byproduct of this 

process, extracellular excretions of waste products form lipofuscin deposits (drusen) 

between the basement membrane of the RPE and the collagenous zone of Bruch’s 

membrane.  The drusen are initially small and tend to be clustered mainly in the macular 

area, but can vary in size, shape, color, distribution, amount, and consistency.  As AMD 

progresses the drusen proliferate and increase in size.  The number and appearance of 

drusen is an important diagnostic factor for AMD.  Eventually the RPE cells become 

engorged and die, leading to death of the overlying photoreceptors, which causes an 

overall thinning of macular tissue.  In the advanced atrophic stage, areas of pigment 

clumps and isolated patches of bare choroid coalesce and spread from the macula to the 

fovea, resulting in complete loss of central field vision.  A typical fundus image for an 

eye affected by AMD is shown in Figure 2.19c.  

 

Standard diagnostic methods for AMD include visual field test, color fundus imaging, 

ocular pressure test, and fluorescein angiogram to detect drusen.  As many of the retinal 

changes occur in retinal layers which are below the highly reflective neural layers, 

traditional methods do not have good contrast in detecting these changes.  Scanning laser 

ophthalmoscopy, infrared confocal imaging, and optical coherence tomography are more 
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recent techniques which may be useful for detecting drusen and fluid deposits.  As these 

structures are highly scattering, it is preferable to reject the directly backscattered light 

and collect multiply scattered light.  In the early stages the disease progresses gradually, 

and widespread retinal changes have been shown to occur long before the disease is 

apparent [97,98].  Before the disease becomes advanced it may be treated with laser 

surgery, injected drugs, or photodynamic therapy, but lost vision cannot be restored. 

 

DR [99] is the third leading cause of blindness in developed nations [83], and the leading 

cause of new blindness for individuals aged 35-65.  Abnormal glucose metabolism causes 

small abnormalities in capillary walls.  Microaneurysms, or small weakness in the 

capillary wall, leak serum or rupture, usually in the inner nuclear layer (INL).  In the 

macular region this effect is termed macular edema.  Other types of haemorrhages with 

distinct appearance may develop in the outer and inner plexiform layers (OPL and IPL), 

and semi-solid hard exudates consisting of accumulated and condensed plasma may form.  

Eventually there is a substantial blockage of retinal blood flow, leading to ischaemia, 

hypoxia, beading/looping of vessels, and infraction of the NFL.  Damage occurs to the 

retinal autoregulation mechanism, which stimulates neovascularization (growth of 

immature fragile blood vessels) along the surface of the retina; however, the new vessels 

are highly permeable and leak blood into the retina.  Vision loss occurs in well-defined 

areas in any portion of the visual field.  A typical fundus image for an eye affected by DR 

is shown in Figure 2.19d.  
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Standard diagnostic methods include a visual acuity test, an ophthalmoscopic exam, and 

intraocular pressure test.  The most effective diagnostic is grading of severity of 

aneurisms and neovascularization using stereoscopic fundus photographyor fluorescein 

angiography.  Unfortunately, DR can cause irreversible damage before visual loss is 

noticed [100].  Effective glycemic control once the diabetes is diagnosed is very effective 

at controlling DR [101-103].  After substantial damage has occured laser 

photocoagulation can be used to seal leaking vessels and prevent further vision loss, but 

normal vision cannot be restored [104,105].  Advanced cases are sometimes treated with 

vitrectomy.  Optical methods for measurement of blood-oxygen saturation in retinal 

vessels (retinal oximetry) to detect compromised autoregulation and/or hypoxia show 

promise but are still in the experimental stage [106,107].  Early detection of retinal 

abnormalities is considered to be essential in preventing loss of vision [108], and the 

benefits of early management have been seen to persist for years [101].   
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 (a)   (b)   (c)   (d) 

Figure 2.19: Fundus photographs of retinas for comparison of disease process.  (a): 

normal fundus;  (b): retina showing widespread cell death and excavation of the optic 

disc due to advanced glaucoma;  (c): retina showing drusen (white spots) due to age-

related macula degeneration; (d): retina showing neovascularization (proliferation of 

immature vessels), as indicated by arrows, due to diabetic retinopathy.  Reprinted with 

permission from [4]. 

 

2.7: Polarization methods for disease diagnostic 

The primary effects of retinal diseases on tissue microstructure are thinning and 

disordering of specific layers.  Thinning of a birefringent layer would reduce retardance; 

this is the case for the RNFL in glaucoma.  Disordering of a layer would reduce 

birefringence and differential attenuation as these properties are dependent on the form-

based nature of the structure; thus retardance and diattenuation would be lower.  Disorder 

would also lead to higher scattering; thus depolarization would be higher than the normal 

level due primarily to scattering from the RPE.  It is expected, therefore, that polarized 

light is able to detect the breakdown of regular microstructure (for example by cell death 

and neovascularization) as well as the presence of disease-indicating scattering structures 

such as drusen and edema. 
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The most common use of a polarization property for disease diagnostic is the 

measurement of RNFL retardance (and by extension thickness), which can serve as an 

indicator for the early beginnings and later progression of glaucoma.  Hundreds of 

researchers have reported on the efficacy of the GDx for this purpose, and many have 

reported a high discriminating ability for separating normal and glaucomatous eyes [109-

111].  An excellent overview is provided by Bagga [112].  However, the accuracy and 

efficacy of the GDx is limited.  Limiting factors include overlap between thickness 

ranges for normal and glaucomatous eyes; the incorrect assumption of constant retinal 

birefringence; incomplete compensation of anterior segment birefringence; and 

inaccuracy in the presence of depolarization, particularly in older eyes and those with 

scattering conditions such as cataracts.  A more detailed discussion of the GDx and its 

use and limitations in retinal disease diagnosis is provided in Chapter 5. 

 

The GDx has been modified for use in other types of polarization based diagnosis.  Dr. 

Ann Elsner at Indiana University and her research associates have modified a GDx to 

detect and quantify changes associated with AMD and other maculopathies [2,113,114].  

They developed an algorithm (Figure 2.20) to produce depolarized and average intensity 

images (Figure 2.21) from the minimum value of light detected at the cross detector for 

all input polarization angles, which presumably is representative of the multiply scattered 

light originating at larger depths within the retinal tissue.  Burns et al. [2] report a higher 

contrast for pools of fluid, drusen, retinal vascular changes, and other subretinal changes 

using this method.  The depolarized images show higher intensity for maculopathy 



  66 

patients due to increased multiply-scattered light [115].  Using a similar technique, Elsner 

computed several images including birefringence, crossed polarized, parallel polarized, 

depolarized, and average intensity [116].  Different images were found to emphasize 

different features in diabetic retinopathy; for example, images with higher degree of 

polarization emphasized edema, and depolarized images had high contrast for vessel 

abnormalities.  An analysis of regions of peripapillary hyperpigmentation and exudative 

lesions in glaucoma and AMD demonstrated improved visualization of pigmentary 

changes and fluid boundaries [117-120].  Leakage points and areas of fluid in central 

serous chorioretinopathy (a retinal disease displaying retinal detachment and leakage at 

the RPE) could also be readily localized in the depolarized light images [121].  In another 

study, lack of the Henle-fiber bowtie pattern in patients with AMD was associated with 

serious pathological retinal changes [122].  Most recently the technique was extended by 

use of a pseudo-color scale based on cardinal directions of color to display relative phases 

and magnitudes in the birefringence images [82].  It was found that many standard 

features of AMD such as pools of fluid and abnormal vasculature were readily visible in 

the polarization images.  The depolarized light image particularly emphasized the borders 

of neovascular membranes and tissue disruptions.  The parallel polarized light image 

emphasized superficial fluid pools, and birefringence fringes were seen surrounding a 

pigment epithelial detachment.   
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Figure 2.20:  Algorithm used to calculate a depolarization image from raw GDx data:  top 

left (blue) parallel detector; bottom left (red) cross detector.  Graphs show intensity 

variation at a single pixel over the 20 GDx polarization states.  A fast Fourier transform is 

performed to generate the smooth filtered curves from the sampled data.  The minimum 

of the crossed detector curve at each pixel is used to compute the depolarization image; 

the average of the two detector curves at each pixel is used to compute an average 

intensity image.  Reprinted with permission from [123]. 

 

 

Figure 2.21: A comparison of various types of fundus images.  A:  Standard fundus 

photograph; B: GDx raw intensity image; C: RNFL thickness map produced by GDx 

instrument; D: Calculated depolarized light image; E: Calculated average image; F: 

Calculated polarization modulation image.  Reprinted with permission from [2].  
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2.8:  Advantage of GDx-MM over other technologies 

Of the polarization-based methods described for ocular investigation, only the complete 

Mueller matrix imaging polarimeters are capable of providing a full polarization 

signature over a substantial portion of the retina.  Incomplete polarimeters are unable to 

fully separate out the 16 parameters of the Mueller matrix, leading to mixing of 

polarization parameters.  The complete polarimeters described in the literature have 

disadvantages which arise from the need to acquire at least 16 images at different 

polarization states.  For example, the generator and analyzer polarization components 

must be able to be varied accurately; the detector must have a large dynamic range; a 

longer measurement time and more processing power are needed to collect the images; 

and the images must be accurately co-registered.  The configurations described by Bueno 

and Campbell [50-56] utilize polarization elements in a polarimetrically optimal 

configuration.  However, as rotation increments are unequal the elements are manually 

translated, and collection of a full dataset is time consuming.  The camera type systems 

require up to 500 ms to record a single image [54], and the systems with a single pair of 

liquid crystal variable retarders must have quarter wave plates manually introduced into 

the beam path for some measurements.  The noise in the camera systems is pronounced; 

error sources include intensity fluctuations in the source, irregularities due to noisy 

pixels, and saturated central regions due to corneal reflex and refocusing of the return 

beam by the lens.  The 256x256 pixel images are downsampled to 64x64 or 32x32 to 

reduce the effect of noise, and so resolution is poor.  The beam footprint on the cornea   

(5 mm) is large enough that there is significant variation in corneal birefringence, 
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producing an erroneously high depolarization measurement.  Subjects must be well 

trained to maintain fixation and assist in focusing the system, have their lens 

accomodation paralyzed and pupils dilated, and have their heads rigidly fixated, making 

these systems impractical for use in a clinical setting.  Bueno and Campbell’s scanning-

type polarimeter [56] improves on the camera-based polarimeters, in that it is faster, 

utilizes a confocal pinhole for higher resolution, and has a smaller beam footprint on the 

cornea (2.5 mm).  However, no quantitative data has been reported on the polarization 

properties of eyes.  With the Lara/Dainty system [58,59] scanning is performed manually 

using precision translation stages, making it unsuitable for clinical use.   

 

All reported Mueller matrix imaging polarimeters capture exactly 16 images, though 

signal-to-noise improvement could be achieved with more measurements (at the expense 

of a longer measurement time).  Many of the measured Mueller matrices are almost 

certainly not physically realizable (i.e. degree of polarization is not in the range 0-1) due 

to the presence of noise.  No mention has been made of analyzing the accuracy of the 

measurements through calculating the distance of the measured Mueller matrix from the 

nearest physically realizable matrix (discussed in Chapter 3), or of improving the 

accuracy of polarization parameter extraction through use of this nearest matrix. 

 

The GDx-MM polarimeter presents a substantial improvement over the above described 

imaging Mueller Matrix polarimeters.  It is completely automated and records 72 

polarization images over a 15° visual field with 20 μm resolution in 4 seconds, fast 
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enough for use without lens paralysis or pupil dilation.  The signal to noise ratio is 

moderate over a wide dynamic range and down-sampling of images is not required.   The 

beam footprint at the cornea is small (about 2.5 mm), so that the depolarization due to 

corneal birefringence variation is minor.  The polarimeter design has been optimized for 

good performance in the presence of error sources, and the data reduction is more 

sophisticated than that used by Bueno and Campbell and includes the conversion to 

physically realizable Mueller matrices.   

 

An accuracy comparison among the various instruments is problematic as they were 

calibrated and validated using different methods.  The instruments of Bueno and 

Campbell utilized ideal Mueller matrix models of the generator and analyzer (rather than 

a measurement-based calibration process) to describe the instrument, and validation was 

performed by measuring an empty chamber and a quarter wave plate at a few orientation 

angles.  Errors in Mueller matrix elements are 1-3%, resulting in waveplate retardance 

and orientation errors of up to ±1.5° and degree of polarization error of 0.05.  The Lara / 

Dainty instrument is calibrated by direct measurement of four polarization targets using 

the eigenvalue calculation method [124], and validation was performed by repeated 

measurement of these targets plus a fixed-orientation polarizer and a fixed-orientation 

quarter wave plate.  Errors in Mueller matrix elements are in the range 0.2 – 7.2%, but no 

information is provided on errors in polarization parameters.  As will be discussed in 

Chapters 9 and 11, calibration and validation of the GDx-MM provide a more 

comprehensive picture of the GDx-MM accuracy and repeatability.  The accuracy is 
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comparable to the values listed above.  Given these advantages the GDx-MM is a more 

practical instrument for general purpose investigation of ocular polarization, as well as a 

solid platform for future development. 

 

2.9: Conclusions 

The eye is a complex assembly of differently structured tissues having microstructure 

which may alter the state of incident polarized light.  When retinal disease occurs there is 

a change in microstructure which may be detected using polarimetry.  The high 

sensitivity of this technique may provide an earlier diagnosis than is currently available, 

enabling valuable early intervention.  In this chapter the basic structures of the normal 

eye have been described, as well as models and measured data describing the normal 

ocular polarization interaction.  Diseases of the retina and their effect on the polarization 

interaction were reviewed.  Many different instruments have been used to quantify the 

polarization interaction, and a few have been used to diagnose retinal disease.  The 

advantages of the GDx-MM over similar instruments should make this polarimeter more 

effective in detecting changes to the retinal microstructure. 
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CHAPTER 3: POLARIZATION AND POLARIMETRY 

 

3.1: Introduction 

In this chapter, basic polarization theory and polarimetry concepts are summarized, 

providing a basis for the development of the GDx-MM polarimeter.  The Mueller 

calculus and Poincaré sphere are introduced as useful tools, and the Mueller calculus is 

used to derive the basic defining equations for the design of a polarimeter which may be 

used to measure the Mueller matrix of a sample.  Finally, a technique is shown for 

converting the measured Mueller matrix to a physically realizable Mueller matrix, an 

important step in the analysis of measured data which may contain error. 

 

3.2: Polarization 

Light is a transverse electromagnetic wave, with associated electric and magnetic fields 

which oscillate in phase 90° apart in the plane perpendicular to propagation.  The 

character of the oscillations, as determined by amplitude and phase parameters in the x 

and y directions, establishes the polarization of the light.  By convention the electric field 

is used to define the polarization state.  The electric field of a monochromatic plane wave 

with propagation along the z axis is represented as the following vector, with magnitude 

and direction changing as a function of position and/or time:   

 

  

r 
E (

r 
r ,t) = Re[ ˆ x Axe

i(kz t + x )
+ ˆ y Aye

i(kz t + y )] .      (3.1) 
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In the general case, the electric field vector precesses in an elliptical pattern, tracing an 

ellipse once per wavelength (as a function of position), or per inverse frequency (as a 

function of time).  This ellipse embodies the polarization state.  If the x and y phases are 

equal, the ellipse collapses to a line, and this is termed linear polarization.  If the x and y 

amplitudes are equal and the relative phase difference is ± 90°, the ellipse expands to a 

circle, and this is termed circular polarization.  The sign of the phase difference 

determines the handedness of the precession, which is right-handed for positive angles 

and left-handed for negative angles.  The electric field as shown above can be 

decomposed into pairs of orthogonal components, such as horizonal and vertical, 45° and 

135°, and left handed and right handed.  Evaluation of these pairs leads to simplified 

polarization analysis as discussed in the following section.  A general reference on the 

basis of polarization in electromagnetic theory is [125]. 

 

The above discussion assumes that the light beam is monochromatic and thus coherent.  

In any real physical situation, a light beam is not truly monochromatic, and thus has some 

degree of incoherence and in fact may be essentially incoherent.  Polarized partly or fully 

incoherent light beams may be combined to form fully polarized, partially polarized, or 

unpolarized light.  The addition of polarized coherent light beams can result in partially 

polarized or unpolarized light if the beams have different wavelengths.  In general, 

partially polarized light has a randomly changing polarization state but with a preference 

towards a particular state, and unpolarized light has a truly randomly distributed 

polarization state as a function of time and position. 
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When a light beam interacts with a sample, the polarization state of any emergent beam 

(transmitted, reflected, diffracted, scattered) is altered by the sample in ways that depend 

on the microstructure of the sample.  For example, when a beam of any polarization state 

(including unpolarized) is incident on a polarizer material such as Polaroid, one 

component of the electric field is fully transmitted, while the orthogonal component is 

fully absorbed.  The emergent beam is thus linearly polarized.  The material is polarizing 

due to the dichroic nature of its thin layer of parallel needle-like crystals.  When a 

polarized beam is incident on a retarder material such as a birefringent crystal, one 

component is delayed in phase with respect to the orthogonal component.  This is due to 

the crystalline structural arrangement, in which the index of refraction and thus the 

optical thickness differ for different polarization orientations.  For these example 

materials, knowledge of the polarization state of the incident beam, together with a 

measurement of the polarization state of the emergent beam, allow for further insight into 

the microstructure of the sample.  The basis of the polarimetric measurement as discussed 

in Section 3.6 is to probe a sample with multiple polarization states and measure the 

emergent states, in an effort to better understand a sample’s microstructure. 

 

3.3: The Mueller calculus 

The Mueller calculus, consisting of the Stokes vector and Mueller Matrix formalisms 

[126], is a principal system for calculation of polarization properties in the field of optics.  

This system allows for integrated calculation of all polarization properties of a sample:  

diattenuation, polarizance, retardance, and depolarization.  As such it is an extremely 
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important tool in the design of polarimeters and the analysis of their output.  The Mueller 

calculus is easily extensible to complex problems and provides an intuitive understanding 

of the polarization properties of a sample. 

 

The Stokes formalism consists of a 4-element Stokes vector S, which characterizes the 

polarization properties of an incoherent light beam with respect to its intensity.  The four 

real-valued components of S (S0,S1,S2,S3) have units of Watts per meter squared and 

describe respectively the irradiance of the beam; the preference for horizontal or vertical 

linear polarization; the preference for 45° or 135° linear polarization; and the preference 

for right or left handed rotation.  In matrix form, 

 

S =

S0
S1
S2
S3

 

 

 
 
 
 

 

 

 
 
 
 

=

PH + PV
PH PV
P45 P135
PR PL

 

 

 
 
 
 

 

 

 
 
 
 

,        (3.2) 

 

where PH, PV, P45, P135, PR, and PL are the measured flux in the horizontal, vertical, 45°, 

135°, right, and left polarization states respectively, as measured with ideal polarizers in 

front of a radiometer [127].  Stokes vectors are often scaled to the irradiance (S0 

component) to emphasize the polarization content: 
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Snorm =

1

S1 /S0
S2 /S0
S3 /S0

 

 

 
 
 
 

 

 

 
 
 
 

.         (3.3) 

 

The measured Stokes vector may include an average over wavelength, solid angle, and 

beam extent, which should be considered in analysis of the result.  A coordinate system 

must be established to provide consistency in measurement; the standard definition is for 

the Stokes vector to be defined relative to a right handed x-y coordinate system that is 

perpendicular to the direction of light propagation [128].  

 

Properties of interest for a Stokes vector include the degree of polarization DoP, degree 

of linear polarization DoLP, and degree of circular polarization DoCP.  These are defined 

as follows [126]: 

 

DoP =
S1
2

+ S2
2

+ S3
2

S0
,          DoLP =

S1
2

+ S2
2

S0
,              DoCP =

S3
S0
.  (3.4) 

 

The Mueller matrix formalism consists of a 4x4 real-valued dimensionless matrix M 

which relates any Stokes vector S which is incident on a sample, to a Stokes vector S´ 

which is emergent from a sample.  The sample polarization properties are fully described 

by Mueller matrix M via   
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M S =  S =

m00 m01 m02 m03

m10 m11 m12 m13

m20 m21 m22 m23

m30 m31 m32 m33

 

 

 
 
 
 

 

 

 
 
 
 

.

S0
S1
S2
S3

 

 

 
 
 
 

 

 

 
 
 
 

=

S0
'

S1
'

S2
'

S3
'

 

 

 
 
 
 

 

 

 
 
 
 

 .     (3.5) 

 

The Mueller matrix formalism is convenient when working with a cascade of polarization 

elements; in this case the Mueller matrix representing the system is given by the right-to-

left product of the matrices of the individual elements: 

 

Mtotal = MnMn 1... M2M1 .        (3.6) 

 

Light/matter interactions may include transmission, reflection, diffraction, and/or 

scattering events.  The polarization properties of each event is represented by a Mueller 

matrix for that process.  In addition, as with the Stokes vector, the Mueller matrix is 

dependent on other factors, such as wavelength, position, solid angle, angle of incidence, 

and angle of scatter.  As the aperture over which a Mueller matrix is measured has finite 

extent, there is an averaging,  

 

  

M =
1

i
Mi

i

=
M(

r 
r )d

r 
r 

d
r 
r 

,        (3.7) 

 

where the first expression is a discrete sum over a pixelated aperture with i pixels, and the 

second expression is an integration over a continuous aperture with radius r.  The 
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coordinate systems of the incident Stokes vector, Mueller matrix, and emergent Stokes 

vector must be defined and carried through the calculations consistently so that the 

polarization characteristics of the sample are correctly identified.   

 

The 16 degrees of freedom (DOF) in the sample polarization signature is encoded in the 

16 Mueller matrix elements as follows:  intensity (1 DOF); diattenuation, or the unequal 

attenuation of orthogonal polarization states (3 DOF); retardance, or the difference in 

phase between orthogonal polarization states (3 DOF); and depolarization, or the 

coupling of polarized into unpolarized light (9 DOF).   An advantage of the Mueller 

matrix is that it can be decomposed into sections which give “at-a-glance” insight into the 

polarization properties of the sample.  For example: 

 

The m00 element is the intensity change on interaction.  Often the entire Mueller matrix is 

normalized to m00 to isolate the polarization effect. 

 

The first row {m01,m02,m03} is the diattenuation vector, which gives insight into the 

variation of intensity transmittance with incident polarization state. 

 

The first column {m10,m20,m30} is the polarizance vector, which gives insight into the 

extent to which the sample converts unpolarized light into polarized light. 
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The elements {m12,m13,m23,m21,m31,m32} give insight into the retardance, or phase 

difference. 

 

The elements {m11,m22,m33} give most insight into the magnitude of depolarization 

present, though depolarization is spread through other elements as well. 

 

3.4:  Extraction of polarization parameters 

While these “at-a-glance” elements provide quick insight, it is also possible and 

illuminating (though certainly more computationally intensive) to decompose the Mueller 

matrix into component diattenuation, retardance, and depolarization matrices, so that 

individual polarization effects of the sample can be studied: 

 

M = Mdepol Mret Mdiatt ,          (3.8) 

 

where Mdepol, Mret, and Mdiatt are the component Mueller matrices associated with 

depolarization, retardance, and diattenuation, respectively.  An algorithm for this task has 

been described by Lu and Chipman [129].  Once the component matrices have been 

calculated, scalar metrics may be derived for particular polarization properties of the 

sample [128].  These metrics give an overview of the polarization nature of the sample. 

 

For any sample, there is an incident polarization state which produces an emergent state 

with maximum intensity, and another incident state which produces an emergent state 
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with minimum intensity.  Diattenuation describes the relative attenuation of these two 

emergent states.  The Mueller matrix of a linear diattenuator with eigenvalues q and r and 

orientation  is given by 

 

Mdiatt,L =
1

2

q + r (q r)cos2 (q r)sin2 0

(q r)cos2 (q + r)cos2 2 + 2 qr sin2 2 (q + r 2 qr )cos2 sin2 0

(q r)sin2 (q + r 2 qr )cos2 sin2 2 qr cos2 2 + (q + r)sin2 2 0

0 0 0 2 qr

 

 

 
 
 
 

 

 

 
 
 
 

,
 (3.9) 

 

and that of a circular diattenuator with eigenvalues q and r is given by 

 

Mdiatt,C =
1

2

q + r 0 0 q r

0 2 qr 0 0

0 0 2 qr 0

q r 0 0 q + r

 

 

 
 
 
 

 

 

 
 
 
 

.      (3.10) 

 

Four standard metrics can be calculated based on the Mueller matrix for a general 

diattenuator: 

 

Diattenuation magnitude D (considers all incident polarization states) 

 

D =
m01
2

+ m02
2

+ m03
2

m00

,        (3.11) 
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linear diattenuation magnitude LD (considers only linear incident polarization states) 

 

LD =
m01
2

+ m02
2

m00

,         (3.12) 

 

circular diattenuation magnitude CD (considers only circular incident polarization states) 

 

CD =
m03

m00

,          (3.13) 

 

and diattenuation orientation DO (angular orientation of emergent state with highest 

intensity) 

  

DO =
1

2
tan 1 m02

m01

.         (3.14) 

 

The above magnitude metrics range from 0 to 1, where 0 indicates no relative attenuation, 

and 1 indicates complete attenuation of one emergent state.  The orientation ranges from  

-  to + . 

 

Polarizance gives the degree of polarization of an emergent state when unpolarized light 

is incident.  Four standard metrics can be defined based on Polarizance: 
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Polarization magnitude P (considers all emergent polarized states) 

 

P =
m10
2

+ m20
2

+ m30
2

m00

,        (3.15) 

 

linear polarizance LP (considers only emergent linear polarized states) 

 

LP =
m10
2

+ m20
2

m00

,         (3.16) 

 

circular polarizance CP (considers only emergent circular polarized states) 

 

CP =
m30

m00

,          (3.17) 

 

and polarizance orientation PO (angular orientation of emergent state with highest 

intensity) 

 

PO =
1

2
tan 1 m20

m10
.         (3.18) 

 

The magnitude and orientation ranges are the same as for diattenuation. 
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For any sample, there are two incident polarization states which are unchanged after 

interaction with the sample.  These are known as the eigenpolarizations of the sample.  

Retardance describes the relative phase delay introduced between the eigenpolarizations.  

Often the two eigenpolarizations are orthogonal; in this case the axis of the polarization 

with leading phase is termed the fast axis, and the orthogonal axis is termed the slow axis.  

The Mueller matrix of a linear retarder with retardance  and fast axis orientation  is 

given by 

 

Mret,L =

1 0 0 0

0 cos2 2 + cos sin2 2 (1 cos )cos2 sin2 sin sin2

0 (1 cos )cos2 sin2 sin2 2 + cos cos2 2 cos2 sin

0 sin sin cos2 sin cos

 

 

 
 
 
 

 

 

 
 
 
 

,  (3.19) 

 

and that of a circular retarder with retardance  is 

 

Mret,C =

1 0 0 0

0 cos sin 0

0 sin cos 0

0 0 0 1

 

 

 
 
 
 

 

 

 
 
 
 

.       (3.20) 

 

Four standard metrics can be calculated based on the Mueller matrix of a pure retarder: 
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retardance magnitude R (considers all incident polarization states) 

 

R =
m11 + m22 + m33 1

2
,        (3.21) 

 

linear retardance magnitude LR (considers only linear incident polarization states) 

 

LR =

R m11
2

+ m22
2

2sinR

R (m23 m32)
2

+ (m31 m13)
2

2sinR

 

 

 
 

 

 
 

R >

R

,     (3.22) 

 

circular retardance magnitude CR (considers only circular incident polarization states) 

 

CR =

Rm33

2sinR

R(m12 m21)
2sinR

 

 

 
 

 

 
 

R >

R

,        (3.23) 

 

and retardance orientation RO (angular orientation of the fast axis) 

 

RO =

1

2
tan 1 m22

m11

1
2
tan 1 (m31 m13)

(m23 m32)

 

 

 
 

 

 
 

R >

R

.       (3.24) 
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The magnitude metrics range in value from 0 to 2 , and the orientation metric ranges 

from –  to + . 

 

Depolarization describes the transformation of polarized light into unpolarized light.  

While this concept is simple, the large number of DOF involved are an indication that 

this is a complex concept which is difficult to quantify.  The Mueller matrix of a pure 

depolarizer is given by 

 

Mdep,Pure =

1 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

 

 

 
 
 
 

 

 

 
 
 
 

,        (3.25) 

 

and that of a partial depolarizer with exiting degree of polarization dependent on the 

incident polarization state is 

 

Mdep,Part =

1 0 0 0

0 a 0 0

0 0 b 0

0 0 0 c

 

 

 
 
 
 

 

 

 
 
 
 

.        (3.26) 

 

Various metrics have been developed to quantify depolarization in Mueller matrices 

[130].  The Degree of Polarization DoPM is defined as the mean value of the DoP of the 

Stokes vectors emergent from a sample, over all possible incident Stokes vectors: 
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DoPM =
1

4
DoP[MS( , )]cos d d
2

2

0

.     (3.27) 

 

DoPM ranges from 0 to 1, with 0 indicating a completely depolarizing Mueller matrix, 

and 1 indicating a completely nondepolarizing Mueller matrix.  An alternate metric, the 

Depolarization Index DPI, is more straightforward to calculate:  

 

DPI =1
1

3

mij

m00

 

 
 

 

 
 

i, j

2

1 .        (3.28) 

 

The range is the same as for DoPM.  DoPM and DPI produce nearly identical results in 

most cases, though the results do diverge for certain classes of Mueller matrices [130].  

For this work DPI is used exclusively. 

 

3.5:  The Poincaré Sphere 

While calculating metrics for diattenuation, polarizance, retardance, and depolarization is 

useful in understanding the static properties of a sample, it is also helpful to utilize a 

graphical tool to visualize relative polarization state positions, and to to track state 

trajectorires.  The Poincaré Sphere [128] is a standard tool for this purpose, and is utilized 

extensively in this dissertation.   
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The Poincaré Sphere (Figure 3.1) is constructed from the {S1,S2,S3} components of the 

Stokes vector, and contains no information on intensity.  Each valid (physically 

realizable) combination of these three components defines a polarization ellipse which is 

mapped to a point on the sphere according to: 

 

S1 = cos2 cos2 ,          S2 = cos2 sin2  ,          S3 = sin2  ,   (3.29) 

 

where  is the ellipticity of the polarization ellipse and  is the azimuth.   In the Poincaré 

sphere construction, 2  is the latitude on the sphere (ranging from - /2 to /2), and 2  is 

the longitude (ranging from 0 to 2 ).  Completely polarized states lie on the surface of 

the sphere with radius 1; as the degree of polarization declines, the point moves along a 

radial trajectory towards the center of the sphere, with radial distance given by the DoP 

of the Stokes vector. 

 



  88 

 

 

Figure 3.1:  The Poincaré Sphere, showing the precession of polarization states with 

latitude and longitude. 

 

Several simple polarization representations can be identified on the Poincaré Sphere.  

Linearly polarized states lie on the equator with 2  = 0, with horizontal linear at 2  = 0 

and vertical linear diametrically opposite at 2  = .  The north hemisphere is right 

elliptically polarized states, with right circular at the north pole at 2  = .  The south 

hemisphere is left elliptically polarized states, with left circular at the south pole at 2  =   

- .  Points along a given latitude line (  fixed) have the same ellipticity, but varying 

orientation.  Points along a given longitude line (  fixed) have the same orientation, but 

varying ellipticity.  Orthogonal polarization states (those that add to give unpolarized 

light) are located on diametrically opposite sides of the sphere. 
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Given an incident polarization state, it is straightforward to use the Poincaré sphere to 

predict the polarization state of the state emergent from an ideal polarization element or 

chain of elements.  An ideal polarizer oriented at angle 2  shifts any polarization state to 

the sphere’s equator at angle 2 .  An ideal retarder, with retardance  and oriented at 

angle 2 , produces a left-handed rotation on the sphere of magnitude  about an axis 

passing through 2  and 2  + .  These techniques are helpful in predicting the effect of 

polarization elements on a light beam with known polarization, in selecting appropriate 

polarization elements to transform the polarized beam in a desired way, and in selecting 

appropriate components to measure the polarization of a beam with unknown polarization 

state.  The Poincaré sphere is a valuable tool in polarization design, in which polarization 

components must be selected which effectively span the polarization space. 

 

The Poincaré sphere has other important uses, several of which are utilized in this 

dissertation.  The change in polarization state with respect to some parameter, such as 

time or temperature, can be tracked on the sphere.  In addition, ideal polarization data, for 

example from a model, can be compared to measured data by plotting both on the same 

sphere. 

 

3.6: Polarimetry 

A polarimeter is an optical instrument used to determine the polarization properties of a 

light beam or sample [126].  A light-measuring polarimeter measures the polarization 

properties of a light beam, and consists of a variable polarization element or chain of 
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elements placed in front of a radiometer (for example, the variable element might be a 

rotatable polarizer).   The polarization element(s) are referred to as the Polarization State 

Analyzer (PSA).  Multiple configurations of the PSA are utilized to obtain several 

radiometric measurements, which are then combined via a data reduction algorithm to 

determine the polarization state of the beam.  A sample-measuring polarimeter measures 

the relationship between polarized light beams incident on and exiting from a sample, and 

characterizes the polarization effect of the sample.  The exiting beam may be transmitted, 

reflected, diffracted, or scattered.  For the sample measuring polarimeter, a polarization 

element or chain of elements termed the Polarization State Generator (PSG) delivers a 

polarization state to the sample, and a PSA analyzes the light returned from the sample. 

Radiometric measurements are obtained at multiple configurations of the PSG and PSA 

and then combined to determine the polarization effect of the sample. 

 

The polarization elements for the PSG and PSA should be carefully chosen to accurately 

measure the polarization properties of the light beam or sample of interest.  The PSG and 

PSA must be variable (for example, an element might rotate to various orientations).  In 

some cases it is desirable to minimize the number of configurations to reduce 

measurement time, or to increase the number of configurations to increase redundancy 

and reduce sensitivity to error.  Given that there are 16 DOF in polarization space, 

polarimeter design is often complicated.  A polarimeter which is capable of measuring 

any Stokes vector or Mueller matrix within the full polarization space is termed 

“complete”.  In some cases a polarimeter may be designed to measure a subset of the 
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polarization space, particularly when there is prior knowledge about the sample.  For 

example, a polarimeter might be designed to measure only linearly polarized states.  Such 

a polarimeter is termed “incomplete”.  This is an important distinction; as discussed in 

Chapter 4, measurements performed by an incomplete polarimeter will be inaccurate if 

some properties of the sample lie within the inaccessible region of the polarization space. 

 

Polarimeter design may be facilitiated through use of the Mueller calculus [126].  The 

chains of polarization elements comprising the PSG and PSA can be represented by 

Mueller matrices to provide a mathematical description of the polarimeter.  This is then 

used to optimize the polarimeter and estimate its performance.  First consider a light-

measuring polarimeter with a PSA having i = 1..N configuration states, used to measure 

an unknown light beam described by Stokes vector S (Figure 3.2).   

 

 

 

Figure 3.2:  Basic light measuring polarimeter with i = 1..N states, consisting of an 

analyzer A, and detector with measured intensity P. 
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Each PSA configuration can be described by a Mueller matrix Ai, which on interaction 

with S gives a new Stokes vector S´i: 

 

Ai S =  S i =

a00i a01i a02i a03i

a10i a11i a12i a13i

a20i a21i a22i a23i

a30i a31i a32i a33i

 

 

 
 
 
 

 

 

 
 
 
 

S0
S1
S2
S3

 

 

 
 
 
 

 

 

 
 
 
 

=

 S 0i

 S 1i
 S 2i

 S 3i

 

 

 
 
 
 

 

 

 
 
 
 

.    (3.30) 

 

However, the radiometer measures only the intensity (i.e. first element) of S´i.  Therefore 

only the first row of Ai is involved and the equation reduces to 

 

Ai S =  S i = a00i a01i a02i a03i( )

S0
S1
S2
S3

 

 

 
 
 
 

 

 

 
 
 
 

=  S 0i .    (3.31) 

 

All N configurations can be incorporated into one matrix equation, 

 

  

W S =

a00,1 a01,1 a02,1 a03,1
a00,2 a01,2 a02,2 a03,2
M M M M

a00,N a01,N a02,N a03,N
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=

 S 0,1
 S 0,2

M

 S 0,N

 

 

 
 
 
 

 

 

 
 
 
 

=

P1
P2
M

PN

 

 

 
 
 
 

 

 

 
 
 
 

= P ,   (3.32) 

 

where W, composed of the first row of each Ai, is termed the polarimetric measurement 

matrix, or more simply the “instrument matrix”, and P is the vector of measured 
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intensities.  Note that the dimension of W is Nx4, and the dimension of P is Nx1.  To 

reconstruct the unknown S from the known W and the measured P requires the 

transformation 

 

S =W 1P .          (3.33) 

 

When W is not square a generalized inverse of W must be used.  Of the infinite number of 

possible inverses, the pseudo-inverse of W, Wp
-1

 = (W 
T
W )

-1
W 

T
 provides the best least 

square solution [131].  Thus the data reduction algorithm to determine S from the 

measured P becomes: 

 

S =Wp
1P = (W TW ) 1W TP .        (3.34) 
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In the case of a sample measuring polarimeter (Figure 3.3), the technique is similar.  

 

 

Figure 3.3: Sample measuring polarimeter, where Gi and Ai are the composite Mueller 

matrices of the ith configuration of the PSG and PSA, M is the Mueller matrix of the 

sample, and Pi is the ith radiometer measurement. 

 

The Mueller matrix of the system, Msys, is now 

 

Msys = AiMGi ,          (3.35) 

 

where Ai is the Mueller matrix of the ith PSA state; Gi is the Stokes vector produced by 

the ith PSG state, and M is the Mueller matrix of the sample to be measured.  As only 

intensity is measured, the equation for the ith configuration can be simplified as 

 

ai
T Mgi = Pi = a0,i a1,i a2,i a3,i( )

m00 m01 m02 m03

m10 m11 m12 m13
m20 m21 m22 m23

m30 m31 m32 m33

 

 

 
 
 
 

 

 

 
 
 
 

g0,i
g1,i
g2,i
g3,i

 

 

 
 
 
 

 

 

 
 
 
 

= Pi ,  (3.36) 
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where ai is the first row of Ai, gi is the first column of Gi, and Pi is the measured intensity.  

This equation can be simplified by forming an appropriate 16-element product wi for each 

configuration: 

 

  
wi = [ai,0gi,0 ai,0gi,1 ai,0gi,2 ai,0gi,3 ai,1gi,0 L ai,3gi,3 ] .    (3.37) 

        

 

The instrument matrix W (dimension Nx16)  is then formed from the wi as: 

 

  

W =

w1
w2

M

wN

 

 

 
 
 
 

 

 

 
 
 
 

.          (3.38) 

 

The polarimeter equation then becomes 

 

W
-1

Mf  = P ,          (3.39) 

 

where Mf is M flattened into a 16x1 vector.  Mf is determined from the pseudo-inverse of 

W: 

 

Mf =Wp
1P = (W TW ) 1W TP .       (3.40) 
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For convenience in this dissertation, the symbol M is hereafter used to refer to both the 

4x4 sample Mueller matrix and the 16x1 flattened sample vector, as they are 

informationally equivalent.  The two equations 3.39 and 3.40 form the basis for 

polarimetry and polarimeter design using Mueller matrix techniques.  It is clear from 

these equations that W must be well characterized, and the intensities P must be 

accurately measured, to provide an accurate reconstruction of M. 

 

3.7: Physically realizable Mueller matrices 

When using Equation 3.40 to reconstruct M from knowledge of W and measurement of P, 

there is error present due to non idealities in the system.  When error is present, it is often 

the case that the reconstructed M is not physically realizable (“nonphysical”) – that is, it 

is not possible to generate this M using real components such as polarizers, retarders, and 

depolarizers.  In this case degree of polarization is outside the range of 0–1, and/or the 

intensity is negative.  The “nearest” physical matrix to M may be found, both to reduce 

the error when extracting polarization parameters, and to give a quantifiable metric for 

the error in the measurement of M.  

 

The requirement for a Mueller matrix to be physical can be simply stated that a complex 

Hermitian matrix derived from its elements must have eigenvalues which are non-

negative [132].  In particular, from the original Mueller matrix M with elements mij, i,j, in 

the range 0..3, the complex Hermitian matrix H is derived as 
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H =
1

2
mij i j

*( ) ,        (3.41) 

 

where the ’s are the normalized Pauli matrices: 

 

0 1 2 3

1 0 0 1 0 1 0

0 1 1 0 0 0 1

i

i
= = = =  ,   (3.42) 

 

and indicates the outer product function flattened into a matrix, i.e. 

 

  

i j
*

=

i,00 j,00
*

i,00 j,01
*

i,01 j,00
*

i,01 j,01
*

M O M

M O M

i,10 j,10
*

L L i,11 j,11
*

 

 

 
 
 
 

 

 

 
 
 
 

  .    (3.43) 

 

If any of the four eigenvalues of H is negative, then M is not physical.  Often when a 

Mueller matrix is measured in the presence of noise, the Mueller matrix is close to 

physical.  In this case three of the four eigenvalues are positive, and one is small and 

negative. 

 

The Mueller matrix can be reconstructed from H as 

 

*{ [ ]}ij p i jm Tr H= ,        (3.44) 
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where Tr is the Trace function.   

 

The method used in this work to construct a physical Mueller matrix Mp based on the 

measured nonphysical Mueller matrix M is to find that Hermitian matrix Hp which (a) has 

all positive eigenvalues (i.e. is positive semidefinite), and (b) has reconstructed Mp which 

is “closest” to the original M.  Various metrics can be considered to define the meaning 

of “closest”, as discussed below. 

 

The first step in finding the optimal Hp is to construct a generalized matrix Hopt which is 

by construction positive semidefinite.  This can be done for example by forming Hopt 

from a Cholesky decomposition.  The Cholesky decomposition of a complex matrix A is 

given by 

 

†A C C= ,          (3.45) 

 

where † indicates conjugate transpose, and C is an upper triangular matrix (an equivalent 

decomposition exists which gives a lower triangular matrix).  If the Cholesky 

decomposition of A exists, then A must be positive semidefinite.  To preserve the 

magnitude of Hopt, its Cholesky decomposition is normalized by a constant, 
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†

†

2

[ ]
opt

C C
H

Tr C C
= ,         (3.46) 

 

where C is given by 

 

1 5 6 11 12 15 16

2 7 8 13 14

3 9 10

4

0

0 0

0 0 0

h h ih h ih h ih

h h ih h ih
C

h h ih

h

+ + +

+ +
=

+
.      (3.47) 

 

To perform the optimization, Hopt (having 16 variable parameters h1 – h16) is formed via 

Equations 3.46 and 3.47, Mp is formed via Equation 3.44, and the 16 parameters are 

varied until some defined difference metric between Mp and M is minimized.  This type 

of optimization is usually performed using a mathematical software program.  

 

It is necessary to provide some starting point for the 16 parameters.  To do this a complex 

semidefinite Hermitian matrix Hinit is formed from H: 

 

†

†

2 ( )

[ ( ) ]
init

H H
H

Tr H H
= .        (3.48) 

 

The Cholesky decomposition of Hinit yields the upper triangular matrix Cinit, and the 16 

component values as defined in Equation 3.47 are used as the starting points. 
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Various metrics can be conceived to minimize the distance between Mp and M.  Aiello et 

al. [132] suggest the use of a Maximum Likelihood metric which is analogous to that 

used in quantum physics.  In this work it was found that minimizing the Frobenius 

distance Fd between Mp and M works well and is simpler to implement.  Frobenius 

distance is defined as: 

 

Fd =
M Mp

M + Mp

 ,         (3.49) 

 

where ||.|| is any appropriate matrix norm, such as the Euclidean norm, which for an MxN 

matrix A with elements aij is given by: 

 

A = aij
2

j=1

N

i=1

M

 .         (3.50) 

 

The Cholesky decomposition method is computationally intensive.  An alternate “quick 

and dirty” method for generating a physical Mp is to find the eigenvalues ( 1, 2, 3, 4) and 

eigenvectors (v1,v2,v3,v4) of H.  Any negative eigenvalues are set to zero.  The 

eigenvalues are formed into a diagonal matrix D: 
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D =

  1 0 0 0

0   2 0 0

0 0   3 0

0 0 0   4

 

 

 
 
 
 

 

 

 
 
 
 

    where      i =
i

0

 
 
 

if i 0

if i < 0
  ,    (3.51) 

 

and the eigenvectors are formed into a square unitary matrix P: 

 

1

2

3

4

v

v
P

v

v

=  .          (3.52) 

 

A new physically realizable Hp is formed as the product 

 

Hp = PDP 1 ,          (3.53) 

 

per the Eigen Decomposition Theorem [131].  Finally Mp is derived from Hp via Equation 

3.44. 

 

The latter method gives a dramatically faster algorithm, but unlike the original method 

the physical Mueller matrix calculated is not necessarily the closest one to the original 

unphysical M.  So long as M is close to physical (i.e. one eigenvalue is at most only 

slightly negative) the two methods provide nearly identical results.  In this work the 
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“quick and dirty” method is used, as the more precise method is prohibitively time 

consuming given the large amount of data.  

 

3.8: Conclusions 

In this chapter the basic theories of polarization and polarimetry have been presented.  

The Mueller calculus and Poincaré sphere were introduced as tools to describe 

polarization states and the polarization altering properties of samples, and methods were 

presented for extracting specific polarization parameters from Mueller matrices.  The 

basic defining equations for light measuring and sample measuring polarimeters were 

developed, and shown to depend in a straightforward manner on the Mueller matrices of 

the generator and analyzer sections of the polarimeter as well as the vector of measured 

intensities.  With these basic tools it is possible to design a working (though not 

optimized) polarimeter to measure the polarization properties of a sample.  Finally, a 

method for converting a measured nonphysical Mueller matrix to the nearest physical 

Mueller matrix was presented.   
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CHAPTER 4: OPTIMIZATION OF MUELLER MATRIX POLARIMETERS 

 

4.1: Introduction 

Optimizing a Mueller matrix polarimeter requires careful selection of polarization 

components to ensure accurate reconstruction of a sample Mueller matrix M in the 

presence of error sources.  In this chapter metrics to guide the design process for Mueller 

matrix polarimeters are presented.  The goals are the following:  specification of 

polarization elements, comparisons of polarimeter configurations, estimation of 

polarimeter errors, and compensation for known error sources.  The use of these metrics 

is illustrated with analyses of two example polarimeters: a dual rotating retarder 

polarimeter, and a dual variable retarder polarimeter.  The use of these metrics on the 

GDx-MM polarimeter is fully discussed in Chapter 9. 

 

4.2: Background 

The optimization of polarimeters has been widely discussed in the literature, and various 

forms of the condition number of the instrument matrix are most often presented as an 

appropriate optimization metric.  Most articles have discussed light-measuring Stokes 

polarimeters in which the number of probing states is equal to the number of Stokes 

parameters to be determined.  Azzam et al. [133] first discussed the choice of optimal 

Stokes vectors in the PSA, and demonstrated that these vectors inscribe a regular 

tetrahedron within the Poincaré sphere.  Ambirajan and Look [134,135] obtained what 

they believed to be (but did not prove to be) an optimum rotating retarder Stokes 

polarimeter configuration by minimizing the condition number of the instrument matrix.  
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Sabatke et al. [136,137] derived the optimal configurations for a rotating retarder Stokes 

polarimeter using the condition number and related metrics in relation to the Singular 

Value Decomposition, and showed that there are two ways to inscribe the regular 

tetrahedron in the Poincaré sphere.  Smith [138] optimized the dual rotating retarder 

Mueller matrix polarimeter using condition number, and treated optimization for the 

overspecified case where more than 16 measurements are made, demonstrating a 

substantial improvement in condition number with increasing number of measurements.  

Tyo [139-141] derived the optimal configuration for a number of Stokes polarimeters, 

including rotating retarder, variable retarder, multichannel linear, and hyperspectral dual 

variable retarder polarimeters.  Savenkov [142] discussed the optimization of a general 

Mueller matrix polarimeter in terms of condition number for non-depolarizing samples.  

DeMartino et al. [143,144] and Garcia-Caurel et al. [145] applied the condition number 

minimization approach to spectroscopic polarimeters using photoelastic modulators and 

liquid crystal retarders.  Many of these researchers have treated the effect of random 

detection noise on polarimeter performance.  Sabatke et al. [137] discuss error 

propagation in terms of a noise covariance matrix.  Tyo [146] introduced Stokes cones 

and tight frames to discuss the effect of systematic polarimeter errors.  Zallat et al. [147] 

further developed the theory for random intensity measurement errors.  

 

Sample measuring Mueller matrix polarimeters use variable polarization elements to 

generate and analyze a number of polarization states which have interacted with a sample 

of interest.  The Mueller matrix of the sample is reconstructed from the vector of 
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measured fluxes.  In practice there are systematic and random error sources which couple 

into the measurement and destabilize the reconstruction.  Some errors are specific to the 

calibration and alignment of the polarization components, for example an inaccurate 

waveplate retardance or orientation.  Error may also be present in the detection process, 

typically due to detector noise.  To ensure accurate reconstruction it is necessary to 

consider error sources when designing a polarimeter.  In this dissertation methods and 

metrics to guide the design process are presented and discussed, including the condition 

number, Poincaré sphere trajectories, and the Singular Value Decomposition.  Error 

analysis techniques are developed which may be used to quantify overall error, evaluate 

relative contributions of the various error sources, and correct for error when the error 

sources are predictable and well characterized. 

 

4.3: Rank, Range, and Nullspace 

An examination of the rank, range, and nullspace of W is a useful method to determine 

whether a proposed polarimeter configuration is suitable to measure an M of interest.  

The rank of W should be greater than or equal to the number of degrees of freedom of M 

(16 for a full Mueller matrix).  The range and nullspace of a matrix A are defined as all 

vectors v such that 

 

Av 0   (range) ,  Av = 0   (nullspace) ,     (4.1) 
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and describe the set of vectors which can and cannot be reached via A.  In the context of a 

polarimeter, any polarization state which lies in the nullspace of W cannot be measured 

by the polarimeter.  A polarimeter is “complete” if the nullspace is empty. 

 

MR, the reconstruction of M as performed by the polarimeter, can be expressed as: 

 

MR =Wp
1P =WWp

1M  .         (4.2) 

 

For an incomplete polarimeter, if M has components in the nullspace, then the data 

reduction will find a nearby MR  M in the range of W.   

 

4.4: Stability in the Presence of Error 

A consideration in polarimeter design is the loss of accuracy in the presence of error 

sources, which is related to the stability of W.  Each row of W represents one polarimeter 

PSG/PSA state and forms one basis vector in the reconstruction.  The measurement 

obtained with each state is the projection of M onto that basis vector.  For the polarimeter 

to effectively reconstruct any M, there should be minimum correlation between basis 

vectors (i.e. they should be widely distributed so as to cover the space of all possible 

states), and well balanced in magnitude.  In the case of an overspecified system with 

more than 16 measurements, the basis vectors provide redundant coverage of the 

polarization space, improving performance in the presence of noise.  When a priori 
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knowledge of M exists, the basis states can be made to lie more densely in directions 

which provide the most information about M. 

 

For a general purpose polarimeter W should be as far from singular as possible, i.e. it 

should be “well conditioned”.  Various related metrics from linear algebra theory 

quantify this distance.  The most widely used is p, the condition number based on the Lp 

norm of the matrix A, which is defined as [131] 

 

p (A) = A
p
A 1

p
 ,         (4.3) 

 

where the bars signify the p-norm 

 

A
p

= sup
x D(A )

Ax
p

x
p

    (matrix p-norm) , x
p( )

p

= xi
p

i

  (vector p-norm) , (4.4) 

 

and where x is a vector, D(A) is the domain of A, and sup is the supremum, defined as the 

limiting maximum value.  Where A is not square a generalized inverse (usually the 

pseudo-inverse) is used. 

 

Each of the four condition number definitions in general use has smallest value for a 

unitary matrix, and largest value for a singular matrix.  An important tool in polarimeter 
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design is minimization of the condition number to balance the reconstruction basis set 

over the range of W and minimize the mapping of errors into the reconstruction. 

 

The L1 condition number (p = 1) is based on the maximum absolute column sum: 

 

A
1

=max
1 j n

aij
i=1

n

 .         (4.5) 

 

The L  condition number (p = ) is based on the maximum absolute row sum: 

 

A =max
1 i n

aij
j=1

n

 .         (4.6) 

 

The L2 condition number (p = 2) or spectral norm is related to the Euclidean length of the 

rows of A.  It ranges from 1 for a unitary matrix, to infinity for a singular matrix: 

 

A
2

= sup
x

Ax
2

x
2

 .         (4.7) 

 

The Frobenius norm, not a p-norm, has no row or column dependence.  For A square and 

invertible the Frobenius norm is inversely related to the determinant of A:  

A
F

= aij
2

i, j

 

 
  

 

 
  

1/ 2

 .         (4.8) 
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Each norm provides a different measure of system conditioning.  Though the magnitudes 

of the various condition numbers are different for a given matrix, they are similarly 

bounded, related by [131]: 

 

1
n 2(W ) 1(W ) n 2(W ) ,

1

n
(W ) 2(W ) n (W ) ,

1
n2 1(W ) (W ) n2 1(W ) .

       (4.9) 

 

In this work the L2 condition number is used.  It has an intuitive range of 1 (perfect 

conditioning) to infinity (singular), and has a clear relationship to the Singular Value 

Decomposition as discussed in the following section. 

 

Section 4.5: Singular Value Decomposition 

Insight is provided into the conditioning of W via its Singular Value Decomposition 

(SVD), which has been discussed by Tyo [146] and Sabatke et al. [137] in relation to 

polarimeter design.  The SVD allows any NxK matrix A to be factored into the form: 

 

  

A =UDVT =U

μ0 0 0 0

0 μ1 0 0

L

0 0 0 μ16

M

 

 

 
 
 
 
 
 

 

 

 
 
 
 
 
 

VT  ,      (4.10) 
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where U and V are NxN and KxK unitary matrices, and D is an NxK diagonal matrix.  The 

number of nonzero diagonal elements μk, k:1..K, termed singular values (SVs), is equal to 

the rank of W, and so for a full-rank W there are 16 singular values.  Those columns of U 

associated with nonzero singular values form an orthonormal basis for the range of W, 

and those columns of V (rows of V
T
) associated with zero-valued singular values form an 

orthonormal basis for the nullspace of W.  An important interpretation of the SVD is that 

the columns of V associated with nonzero singular values form an orthonormal basis 

which spans the full vector space of W and thus can be used to reconstruct M; each 

singular value gives the relative strength of the corresponding vector in this basis set; and 

the columns of U form a mapping from the V matrix basis set back to the original basis 

set of W.  Further, since  

 

  

P =WM =U

μ1 0 0 0

0 μ2 0 0

L

0 0 0 μ16

M

 

 

 
 
 
 
 
 

 

 

 
 
 
 
 
 

VTM  ,      (4.11) 

 

the rows of U corresponding to zero-valued singular values describe basis vectors which 

are not generated by M, so that their presence in a polarimetric measurement can only be 

due to noise.  Based on this interpretation any basis vector in V which is associated with a 

relatively small singular value is near to the nullspace, and having little information 

content simply amplifies error into the reconstruction of M.  Error sources which produce 
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projections (intensity vectors) which are similar to the intensity vectors generated by the 

basis vectors in V (particularly those which correspond to large singular values) will 

couple strongly into the reconstruction of M.  Our experience indicates that the SVD of 

an “ideal” rank 16 instrument matrix W would have 15 equal nonzero singular values and 

one with larger value.  The L2 condition number is equivalent to the ratio of the largest to 

smallest singular value [131], and thus minimizing the condition number is equivalent to 

equalizing (to the extent possible) the range of singular values so that the basis vectors 

have similar weight.   

 

In the case where relatively small singular values do exist, it is often preferable to set 

them to zero in D, remove the corresponding columns of U and V, and reconstruct a new 

lower-rank instrument matrix W from the modified SVD.  Another option is to weight the 

singular values and the associated columns of U and V on the basis of the signal to noise 

ratio, for example giving lowest weight to those basis vector patterns which are most 

strongly associated with system noise.  These techniques make the reconstruction less 

sensitive to error, but will introduce error if the sample to be measured contains 

components in the direction of the zeroed or re-weighted basis vectors. 

 

Wp
-1

 can be expressed in terms of D*, the transpose of D with the singular values 

replaced by their reciprocals: 
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Wp
1 =VD*UT =V

1/μ0 0 0

0 1/μ1 0

0 0 O 0 L

0 0 1/μ16

 

 

 
 
 
 

 

 

 
 
 
 

UT
 .     (4.12) 

 

Multiplication by Wp
-1

 involves division by the singular values, and emphasizes that 

small singular values in W have large multiplicative effect in the inverse matrix. 

 

4.6: Geometrical Interpretation 

A geometrical interpretation relating the stability of W to the trajectory on the Poincaré 

sphere was first proposed by Azzam et al. [133] and later extended by Ambirajan and 

Look [134,135], Sabatke et al. [136], and Tyo [139].  If the four rows of W (which form 

the basis set for the Stokes polarimeter) are interpreted as Stokes vectors and plotted on 

the Poincaré sphere, they form the vertices of a (generally) irregular tetrahedron.  The 

volume of the tetrahedron is proportional to the determinant of W, and is maximized 

when the vertices form a regular tetrahedron (Figure 4.1).  In this case the maximum 

distance from any point on the sphere to one of the vertices is minimized, and the 

condition number is also minimum.  The selection of PSA polarization elements may thus 

be limited by considering only those combinations providing appropriate degrees of 

freedom such that a regular tetrahedron may be inscribed in the Poincaré sphere 

trajectory.  For a rotating retarder in front of a polarizer (one degree of freedom), Sabatke 

et al. demonstrated a “figure eight” trajectory with varying aspect ratio dependent on 

retardance [136].  An optimal trajectory enclosing a regular tetrahedron was identified for 
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exactly two retardances: 132° and 228°.  Tyo showed that for two degrees of freedom 

(such as a dual variable retarder Stokes polarimeter) the trajectory forms a two-

dimensional surface on the Poincaré sphere, giving a continuum of optimum 

configurations in which the tetrahedron may be inscribed [138]. 

 

 

Figure 4.1: The trajectory of an optimized rotating retarder Stokes polarimeter with 

retarder retardance of 132° (green line) plotted on the Poincaré sphere, demonstrating that 

it is possible to inscribe a regular tetrahedron.  The vertices of the tetrahedron determine 

the optimal retarder orientations (red circles).   

 

 

The geometrical interpretation does not address the effect of increasing the number of 

measurements N to overspecify the polarimeter.  It was demonstrated by Sabatke et al. 

[136] that additional measurements “fill out” the trajectory, which in the presence of error 

does result in improved accuracy, but (at least in the case of independent identically 

distributed “random” measurement noise) a similar improvement would be obtained by 

taking additional measurements at the original four orientations and averaging.  
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To develop a geometrical interpretation for a Mueller matrix polarimeter, consider that W 

is formed as the outer product of the generator and analyzer portions of the polarimeter: 

 

W =GT A .          (4.13) 

 

The condition number of the polarimeter is thus related to the condition numbers of the 

generator portion (G) and analyzer portion (A) as 

 

(W ) = (GT A) = (GT ) (A) = (G) (A) .     (4.14) 

 

Therefore the PSG and PSA should be individually optimized in terms of Poincaré sphere 

trajectory. 

 

4.7: Error Analysis 

The metrics reviewed in the previous section guide a polarimeter design toward higher 

stability.  However, errors in the polarimeter and/or detection process drive W away from 

optimal conditioning, and thus the condition number and other metrics will not 

necessarily give the best solution when errors are present.  The goals of an error analysis 

are: to quantify the accuracy in reconstructing M; to identify those error sources with 

highest contribution; to compensate W for known error; and to optimize the polarimeter 

design with consideration for error. 
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At any use, W is not known exactly and may have changed since calibration.  For 

example, a rotating retarder may have slightly different orientation, rays for a given 

sample may take different paths through the polarimeter, and the spectral distribution of 

return light may vary with the sample.  Variable measurement error is also present, due 

for example to detector noise and source fluctuation.  The basic instrument equation can 

be modified to include these effects: 

 

(W + W)M + P = PM  ,        (4.15) 

 

where W is a Nx16 matrix representing the difference between the W matrix in use and 

the true W matrix, P is a Nx1 vector representing intensity measurement error, and PM is 

the Nx1 vector of intensities measured in the presence of instrument error. 

 

MR, the reconstruction of M, is given by 

 

MR =Wp
1PM

=Wp
1[(W + W)M + P]

= M + M = M +Wp
1[ WM + P]

 ,      (4.16) 

 

where M is the difference between MR and M.  From this equation it is clear that there 

are two error terms, one dependent on W and M, and the other on P.  
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Assuming the errors are small, they may be represented by a first order Taylor expansion.  

The error for the jth component of the ith polarimeter state, having R variables xr (such as 

a retardance magnitude), each with nominal value r, and error magnitude r, is then 

 

Wij r,ij

Wij

xr xr = rr=1

R

.        (4.17) 

 

Clearly to improve accuracy the derivative dW/dx must be minimized.  The error in P is 

assumed independent of the polarimeter elements, and is given by 

 

Pi = i  ,          (4.18) 

 

where i is the ith intensity measurement error. 

 

The error in reconstructing each of the k = 1..16 elements of M in terms of the errors in 

the instrument and detection process is then 

 

Mk = Wki
1

rij

Wij

xr xr = r

M j

r=1

R

j=1

16 

 

 
 

 

 

 
 i=1

N

+ Wki
1

i

i=1

N

        k: 1..16 .   (4.19) 
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To obtain an estimate of the typical error, the statistics of the error sources should be 

considered. Consider the Expectation E (mean) and standard deviation SD, which for a 

random variable x are given by: 

 

E(x) x = pixi
i

  ,    SD(x) 2(x) = x 2 x
2
 ,  (4.20) 

 

where pi is the probability of each element xi of x. The mean and standard deviation of 

M due to errors in W and P are 

 

M = W 1 WM + W 1 P , SD M[ ] = SD W 1 WM[ ] + SD W 1 P[ ] . (4.21) 

 

In this equation the variables are the polarimeter and measurement error sources W and 

P; W and M are assumed known and fixed.  The error mean and SD can be 

quantitatively estimated where the polarimeter state variables and the statistics of the 

error sources are approximately known.  It is necessary to assume one or more values for 

M, either from knowledge of the sample, or from appropriate combinations of ideal 

diattenuators, retarders, and depolarizers. 

 

Where there is a priori knowledge of a systematic error source, it is common to remove 

the mean error from the calculation of MR by calculating a new instrument matrix Wq 

given by W + < W>.  Then 



  118 

 

MR =Wq
1[(W + W )M + P] = M +Wq

1 P  .     (4.22) 

 

The effectiveness of the compensation depends on the accuracy of estimating < W>.  

For example when using a liquid crystal retarder with a known profile of retardance 

magnitude as a function of temperature, an error in retardance magnitude can be 

calculated at every use given the temperature at that time.  Other examples include 

compensation for a rotating element which has an angular position which is known to be 

systematically different than at calibration, or a waveplate with wavelength-dependent 

retardance. 

 

4.8: Forming a Minimizable Error Metric 

A metric based on the error covariance matrix may be used to optimize a polarimeter in 

the presence of known error.  This method has been applied to random measurement 

noise in Stokes polarimetry by Sabatke et al. [137], and also to random instrument noise 

in Stokes polarimetry by Tyo [146].   

 

Given a vector Q consisting of N real-valued random variables (RVs){q1, q2 ... qN}, the 

covariance matrix is defined as [148] 

 

Cij = qiq j qi q j i, j :1 N  .       (4.23) 
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The covariance matrix is a symmetric matrix which describes the correlation between 

RVs which have been centered about their means.   In the polarimetry case the 16x16 

covariance matrix of interest, CM, is 

 

CM, jk = M j Mk M j Mk j,k :1 16 .     (4.24) 

 

To derive CM, consider the total error E for the i
th

 polarimeter state: 

 

Ei = WijM j + Pi
j=1

16

 .        (4.25) 

 

An error covariance matrix CE based on E is given by 

 

CE, jk = E j E k E j E k j,k :1 16  .     (4.26) 

 

If all error sources are assumed to be uncorrelated and have the same statistical properties 

among all polarimeter states, then the error may be simplified to a sum of terms, each 

involving the polarimeter errors r and detection error : 

 

Ei = arji r m j

r=1

R

j=1

16

+ bi  ,        (4.27) 
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where the a’s and b’s are constant coefficients derived from W (typically many are zero) 

and the m’s are the 16 elements of M.  

 

When the covariance matrix CE is formed, the only nonzero terms are on the diagonals.  

Each diagonal term has the form 

 

CE ,ii = m jmk crjki r
2

r=1

R

+ di
2

 

 
 

 

 
 

j=1

16

k=1

16

 ,       (4.28) 

 

where the c’s and d’s are constant coefficients derived from E (typically many are zero), 

the r
2
’s are the standard deviations of the polarimeter error sources, and 

2
 is the 

standard deviation of the detection process error.  It is straightforward to show that CM 

may be expressed as 

 

CM =W 1CE (W
1)T  .         (4.29) 

 

The on-diagonal elements of CM represent gain factors in the propagation of error into 

MR.  One possible error metric (here termed EM) is given by the sum of the diagonal 

elements: 

 

EM = CM,ii
i

 .         (4.30) 
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EM depends on the polarimeter configuration, the number of states, the polarization 

properties of the sample, and the statistical properties of the error sources.  Minimization 

of EM with respect to a polarimeter variable gives the optimal value of that variable in 

the presence of error.   

 

To effectively utilize EM it is useful to consider the statistical character of typical 

polarimeter error sources, including polarization element non idealities such as variations 

in retardance or diattenuation magnitude and/or orientation as elements are rotated or 

otherwise modified to produce different polarization states.  Polarization leakage and/or 

impurity such as nonzero diattenuation and/or depolarization in an “ideal” retarder may 

also be present.  Most often, errors due to the common non idealities can be represented 

by different distributions depending on whether the errors are random or systematic.   

 

Examples of random errors include detector thermal noise and incorrect orientation of a 

rotating retarder due to inaccuracy in the driving motor.  A random error has mean of 

zero, and SD of 
2
.  If these errors are assumed to be independent between measurements 

and have identical SD from measurement to measurement, then 

 

i j =

2 i = j

0 i j

 
 
 

 ,  i = 0  ,  SD i[ ] = 2  .   (4.31) 
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Examples of systematic errors include a fixed constant offset in the rotational position of 

a component, or a temperature-induced change in a polarization property.  Systematic 

errors have mean equal to their value, and SD of zero.  If each such error is assumed to be 

the same from measurement to measurement, then 

 

i j =
2  ,   i =  ,  SD i[ ] = 0 .   (4.32) 

 

Error sources with other statistics can be readily handled by this theory.  For example,  

avalanche photodiode performance is generally limited by shot noise with Poisson 

statistics, in which case the SD is equal to the mean. 

 

4.9: Illustrative Examples 

As an illustration of the techniques presented in this paper, two Mueller matrix  

polarimeter configurations are analyzed:  dual rotating retarder (DRR) and dual variable 

retarder (DVR).  These configurations utilize different types and combinations of 

polarization components (Table 4.1), and as such different polarimeter errors are present.  

For the error analyses which follow only the positive range of these errors is considered 

for simplicity (for example a positive temperature drift).  The presented calculations of 

overall error range should be considered as due to a positive error, and an error of equal 

magnitude and opposite sign is implied for the case of a negative error.  The types and 

magnitudes of the errors assumed to be present in these example polarimeters are 

summarized in Table 4.2. 
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Table 4.1.  Summary of polarimeter polarization components 

 

Polarimeter Fixed parameters in 

generator and analyzer 

Variable parameters in generator 

and analyzer 

 

DRR 

 

Retarder retardance  

Polarizer orientation  

 

 

Retarder increments g(i), a(i) 

 

DVR 

Retarder 1 orientation 1 

Retarder 2 orientation 2 

Polarizer orientation  

 

Retarder 1 retardance g1(i), a1(i) 

Retarder 2 retardance g2(i) a2(i) 

 

 

Table 4.2:  Summary of polarimeter error sources 

 

Polarimeter Systematic 

error sources 

Worst Case 

Mean Error 

Random error 

sources 

Worst Case   

SD Error 

 

DRR 

 

None 

 

N/A 

 

Retarder position 

Detector noise 

 

g,a
2
 = 0.5° 

p
2
 = 0.01 

 

 

DVR 

 

 

Retardance drift 

 

< 1,2> =  2.5% 

 

Detector noise 

 

p
2
 = 0.01 

 

 

 

The DRR polarimeter is shown in Figure 4.2.  This common polarimeter consists of a 

PSG with fixed polarizer followed by a rotating retarder, and a PSA having the same 

elements but in reverse order.  For this example it is assumed that both retarders have the 

same retardance, and the generator and analzer retarders rotate in different uniform 

increments.  The error sources are random positioning error in the retarders and random 

noise in the detector.  It is desired to determine the optimal values of three variables:  , 

g and a and predict the resulting polarimeter accuracy. 
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Figure 4.2:  Schematic of Dual Rotating Retarder (DRR) polarimeter.  Components 

include fixed polarizers at orientation  and rotating retarders with retardance  and 

orientations g and a which vary with state i: 1..N.  

 

The DVR polarimeter is shown in Figure 4.3.  This polarimeter consists of a PSG with 

fixed polarizer followed by two variable retarders (often liquid crystal devices) at 

different fixed orientations, and a PSA having the same elements but in reverse order. 

The sequence of 16 pairs of generator and analyzer retardances are formed from 

permutations of retardance pairs ( A A), ( A B), ( B A), ( B B).  The error sources are 

systematic retardance error due to temperature drift and random detector noise.  It is 

desired to determine the optimal values of four variables: A, B, 1, and 2 and predict 

the resulting polarimeter accuracy. 
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Figure 4.3:  Schematic of Dual Variable Retarder (DVR) polarimeter.  Components 

include fixed polarizers with orientation  and variable retarder pairs.  The outer retarders 

have fixed orientation 1 and retardance g1 and a1 which vary with state i: 1..16. The 

inner retarders have fixed orientation 2 and retardances g2 and a2 which vary with state 

i: 1..16. 

 

 

Geometrical Interpretation 

The DRR polarimeter having a PSG with one variable parameter (retarder orientation) 

traces a figure-eight type trajectory (Figure 4.4a).  Through appropriate choice of 

retardance (i.e. via a condition number analysis) a regular tetrahedron may be inscribed. 

The DVR polarimeter having a PSG with two variable parameters (retardances of the two 

variable retarders) traces a surface on the Poincaré sphere (Figure 4.4b) within which a 

regular tetrahedron may be inscribed.  
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          (a)             (b) 

Figure 4.4: Sample trajectories on the Poincaré sphere.  (a): DRR polarimeter with one 

variable traces a figure-eight trajectory.  (b): DVR polarimeter with two variables traces a 

surface. 

 

Condition number 

To evaluate the condition number, a W is assembled which is a function of the 

polarimeter variables.  One or more variables (A) are fixed at reasonable “initial guess” 

values, and the remaining variables (B) are varied.  The W having rank 16 and lowest 

condition number gives the optimal values for the B variables. The process is then 

repeated to find the optimal values for the A variables.  A few iterations may be required 

if the initial guesses are not sufficiently close to the calculated optimum.  Initial guesses 

based on evaluation of Poincaré sphere trajectories aid in limiting the variable ranges. 

 

The DRR polarimeter has been analyzed in terms of condition number for  N = 16 and    

N = 30 by Smith [138].  For the N = 16 case an optimal retardance of  =127° and optimal 

angular increments of g = 34° and a = 26° were found.  Multiple solutions for 

angular increment were found for the N = 30 case.  The minimum L2 condition number is 
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16.7 for N = 16, and 3.48 for N = 30.  Figure 4.5 reproduces Smith’s results for condition 

number as a function of .  Figure 4.6 reproduces Smith’s results for condition number as 

a function of g and a.  In these graphs, blue indicates a high (undesirable) condition 

number solution, and red indicates a low (desirable) condition number solution. 

 

 

Figure 4.5: Log condition number as a function of waveplate retardance for the DRR 

polarimeter.  The optimum solution is a retardance of 127°. 
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     (a)      (b) 

Figure 4.6:  Condition number as a function of rotating retarder increments for the DRR 

polarimeter.  Horizonal and vertical axes are the rotational increments of the two 

retarders ( g and a) in degrees.  Blue indicates a high (undesirable) condition number, 

and red indicates a low condition number.  Color scale is nonlinear to emphasize the low 

condition number solutions.  (a): For N = 16, the best solutions are highly localized; one 

example is g = 34° and a = 26°. (b): For N = 30 there are regions of good solutions.   

 

The DVR polarimeter has been analyzed by De Martino et al. [144].  Optimal values of  

1 = 225°, 2 = 45°, B = 27.4°, and C = 72.4° were found.  The minimum L2 condition 

number is 3, lower than for the DRR polarimeter, indicating better performance in the 

presence of error.  Figure 4.7a shows the optimization with respect to angles when 

retardances are fixed; Figure 4.7b shows the optimization with respect to retardances 

when angles are fixed.  As compared to the DRR polarimeter, the low condition number 

solutions are more closely clustered near fewer optimal values. 
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     (a)      (b) 

Figure 4.7: Condition number as a function of polarimeter variables for the DVR 

polarimeter, for N = 16.  Blue indicates a high (undesirable) condition number, and red 

indicates a low condition number.  Color scale is nonlinear to emphasize the low 

condition number solutions.  (a):  optimization of retarder angular orientations 1 and 2 

assuming retardances of 1 = 225°, 2 = 45°.  Horizontal and vertical axes are the angular 

orientations of the two retarders in degrees. (b):  optimization of retarder retardances 1 

and 2 for the optimum orientations of 1 = 27.4°, 2 = 72.4°.  Horizontal and vertical axes 

are the retardances of the two retarders in degrees. 

 

Singular Value Decomposition 

The singular values (SVs) for each condition number optimized polarimeter are shown in 

Figure 4.8.  For each polarimeter there are 16 nonzero SVs, indicating a rank 16 

instrument matrix.  The SV profiles for the N = 30 DRR and DVR polarimeters are 

closest to optimal, as they exhibit low slope for singular values 2-7 and 8-16, whereas the 

SV profile for the N=16 DRR polarimeter decreases monotonically. 
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Figure 4.8:  Singular Values for the example polarimeter configurations.  

 

 

Error Mean and Standard Deviation 

The polarimetric measurement error is evaluated for two samples: a linear polarizer, 

rotated from 0° to 90° in steps of 15°; and a quarter wave plate, rotated from 0° to 90° in 

steps of 15°.  Figure 4.9 shows the worst case mean and standard deviation error for each 

polarimeter, assuming the error sources of Table 4.2.  For the first sample, worst case 

mean and standard deviation of diattenuation magnitude and orientation are calculated as 

a function of polarizer orientation.  For the second sample, worst case mean and standard 

deviation of retardance magnitude and orientation are calculated as a function of retarder 

orientation. 
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The DRR polarimeter has zero mean error, but the standard deviation is large due to error 

in retarder orientation.  By comparison, the DVR polarimeter has measurable mean error 

due to the retardance magnitude error of the variable retarders, but the standard deviation 

is small since the only contribution is detector noise.  

 

  
      (a)           (b) 

 

  
      (c)          (d) 

 

   

 

Figure 4.9:  Calculated mean and SD error.  (a),(c): sample is a linear polarizer rotated 

from 0° to 90° in 15° increments.  (b),(d): sample is a quarter wave plate rotated from 0° 

to 90° in 15° increments.  Solid red and blue lines: worst case mean error deviations; 

error bars: worst case random error deviations. 
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Optimization in the presence of known error 

For the DRR polarimeter the error metric EM was minimized to determine the optimal 

retardance  for various targets.  Figure 4.10a shows that the ideal retardance varies from 

117° for a linear polarizer target at 45° orientation, to 128° for a quarter wave plate target 

at 45° orientation.  The average is 122.5° over all four sample targets, which is slightly 

less than the value of 127° found using the condition number metric, in which 

polarimeter error is not considered.  A comparison of EM for N = 16 and N = 30 for a 

horizontal linear polarizer target is shown in Figure 4.10b.  A 1/N
2
 improvement in EM is 

seen, as well as a slight shift in optimized retardance, from 122° to 125°.  Thus taking 

additional measurements improves immunity to error sources and pulls the optimized 

retardance back towards the value found using the condition number metric (127°). 

 

  
(a) (b) 

 

Figure 4.10:  EM metric to optimize retardance for the DRR polarimeter when 

information is known about the error source and/or sample to be measured. (a): EM 

minimum occurs for different values of retardance depending on the sample to be 

measured.  (b): EM minimum occurs at different values of retardance depending on the 

number of polarimeter states N.  Here N = 16 and N = 30 are compared.  
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4.10: Conclusions 

The techniques presented in this chapter can be used to optimize a polarimeter design, 

with the goal of providing good accuracy in sample Mueller matrix reconstruction.  The 

most important design requirements are: (1) achieving a complete rank 16 polarimeter, so 

that no polarization properties fall into the nullspace and thus introduce error into the 

Mueller matrix reconstruction; and (2) minimizing the condition number of the 

instrument matrix to ensure stability in the presence of error sources.  Poincaré sphere 

trajectories may be used as a visualization tool to limit the potentially large solution 

space.  The Singular Value Decomposition gives insight into the stability of the 

instrument matrix via the balancing of the basis vectors.  An error analysis can be 

performed to assess the individual and/or combined effects of the various error sources, 

and may be useful to estimate the magnitude of the error in the reconstruction, or to 

compensate for the error where error sources are predictable and well characterized.  Two 

examples of polarimeter design optimization and error analysis have been presented 

which illustrate the concepts presented in this chapter. 
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CHAPTER 5: THE LASER DIAGNOSTICS GDx 

 

5.1: Introduction 

The Laser Diagnostics GDx retinal nerve fiber analyzer was the first commercially 

available instrument utilizing polarization methods for the diagnosis and monitoring of 

retinal eye disease, in this case glaucoma.  This scanning laser ophthalmoscope is used in 

this work as a starting point for development of the GDx-MM, an instrument with more 

comprehensive polarization capability.  In this chapter the Laser Diagnostics GDx is 

discussed in terms of its optical paths, polarization paths, and electronic functionality, 

with a view toward providing a foundation for understanding the GDx-MM instrument 

which is described in the following chapter.  Particular emphasis is placed on a 

description of the functionality and limitations of the polarization section of the GDx. 

 

5.2: Background and basic operation 

The GDx (Figure 5.1) was manufactured by Laser Diagnostic Technologies Inc. (later 

acquired by Carl Zeiss Meditec Inc.).  The objective is to map the retardance of the 

RNFL and derive its thickness.  A first generation device, the Nerve Fiber Analyzer 

(NFA I), became commercially available in 1992.   A later device, the NFA II, utilized 

two detectors rather than one as well as a fixed corneal compensator.  The next 

generation device, the GDx Nerve Fiber Analyzer used in this research, retained the fixed 

corneal compensator and incorporated a normative database of 400 eyes classified by age 

and race.  It was first patented in April 1994 (5,303,709) [149], received 510(k) clearance 

from the FDA in July 1994, and became commercially available in 1996.  It was re-
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patented with more specific information on optical path and mechanical design in August 

1998 (patent 5,787,890) [150] and in August 2000 (patent 6,112,114) [151], and finally 

repatented with inclusion of an algorithm for cancelling system birefringence in March 

2004 (patent 6,704,106) [152].  It has since been replaced by a newer instrument, the 

GDx-VCC, which incorporates variable corneal compensation.  The Nerve Fiber 

Analyzer device in all of its forms has been used on thousands of patients, though due in 

part to high cost and uncertainty regarding its sensitivity and specificity, it is used in only 

a small percentage of ophthalmic clinics. 

  

 

Figure 5.1:  Laser Diagnostics GDx Retinal Nerve Fiber Analyzer, showing scan head 

and computer on portable cart. 

 

The GDx is a scanning laser ophthalmoscope with polarization capability.  The retina is 

scanned with a 780nm laser beam with variable linear polarization orientation.  When the 

light interacts with the retina, the component of the light oscillating along the birefringent 
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nerve fibers travels at a different velocity from the component oscillating perpendicular 

to the fibers and is retarded.  The backscattered light from the retina which passes 

through the pupil is collected by the GDx.  Forty intensity images (twenty each at two 

detectors), with each pair collected at a different linear polarization orientation, are 

analyzed using an algorithm to determine retardance.  The RNFL thickness, demonstrated 

to decrease with progression of glaucoma [89,153], is calculated from the measured 

retardance through a fixed birefringence factor.  The retinal scan is non-contact, uses 

barely visible light, is performed on an undilated pupil, and requires only 0.7 seconds 

(though a scan time of up to a minute or longer may be required to align the device), 

making the procedure relatively comfortable for the patient.   

 

Following each scan, the GDx device performs image processing tasks requiring at most 

one minute.  In these procedures, a retardance image is calculated and converted to a 

thickness image for straightforward interpretation by an ophthalmologist.  Comparisons 

are made to a normative database which takes into account the patient’s age, sex, and 

race.  Differentiation between normal and glaucomatous eyes is based on several 

parameters, including RNFL thickness, RNFL region area and volume, and symmetry of 

the RNFL thickness in the four quadrants (inferior, superior, nasal, and temporal).  

Various graphs are presented to the physician (Figure 5.2).  Color-coded thickness maps 

are designed to emphasize those areas of the retina which are most likely glaucomatous.  

Bright colors (red, yellow) are associated with normal RNFL, and dark colors (blue) are 

associated with thinner RNFL.  “Double hump” graphs show the RNFL thickness along a 
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circle centered around the optic nerve head, together with a normal range based on the 

normative database.  The humps are due to the normal maxima of RNFL thickness 

superior and inferior to the optic nerve.  Any individual parameter flagged as an outlier is 

identified to the physician, and a numeric value (“the number”) between 0 (normal) and 

100 (glaucoma) is assigned based on the likelihood of glaucoma.  The information 

provided by the GDx is intended to be used to locate areas of suspected glaucoma, and to 

monitor glaucoma progression. 

 

          

        (a)         (b)          (c) 

Figure 5.2:  Output data generated by the GDx.  (a):  fundus intensity image.  (b): color-

coded RNFL thickness map, showing areas of greater thickness in yellow and red.  (c):  

double-hump graph showing thickness of RNFL along a circle centered on the ONH 

(dark green line) and normal range based on normative database (green shaded area). 

(inferior=I, superior=S, nasal=N, and temporal=T).  Reprinted from [154]. 

 

The ability of the GDx to detect and monitor glaucoma has not been definitively 

determined.  Thickness measurements have been demonstrated to be highly reproducible, 

with a typical standard deviation of 4 μm to 9 μm [155-157].  The sensitivity and 

specificity of the GDx in detecting glaucoma has been widely studied, and results have 
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varied significantly depending, for example, on the particulars of the neuropathies present 

in the study population, the choice of value for “the number” or other reported parameters 

to indicate disease, and the experience level of the examiner.  Typical reported 

sensitivites and specificities are in the range of 70% to 90% [158-164], though some 

researchers have reported significantly lower numbers, particularly for specificity 

[109,165-167].  Lower than desired accuracy in detecting retinal pathology is largely due 

to several device limitations, discussed in the following section.  The concensus on the 

GDx appears to be that it is probably helpful in locating potential areas of nerve fiber 

damage related to glaucoma, but should not be used as a stand-alone device to make a 

definite diagnosis [165,168].  One reason for this conclusion is the lower than desired 

accuracy, but another reason is that the progression of glaucoma takes many different 

forms, and while thinning of the RNFL is a strong indication of glaucoma, it is neither a 

definitive indication, nor is its absence a definitive contraindication.  

 

5.3:  Limitations of the GDx 

The GDx has a number of limitations which contribute to error when performing 

polarimetry.  The major limitations are: 

1. Anterior segment birefringence if not perfectly compensated gives incorrect 

retinal retardance calculation. 

2. RNFL thickness calculation incorrectly assumes RNFL birefringence is constant 

across the retina. 
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3. There is a wide range in RNFL thickness values among normal individuals, 

leading to an overlap of typical thickness values between normal and 

glaucomatous eyes. 

4. The polarimetry is incomplete and so ocular diattenuation and depolarization lead 

to inaccurate retinal retardance calculation.  This is of particular concern in older, 

diseased, or post-surgery eyes which are more likely to have higher 

depolarization. 

5. Polarimeter design and reconstruction algorithm have high sensitivity to noise. 

 

These limitations are readily apparent and have been discussed in the literature.  This 

section provides an overview of these limitations; the latter two derive from polarimeter 

design issues which are discussed at length in Section 5.6. 

 

One of the most significant problems with the GDx is that measured retardance includes 

the retardance of the anterior segment (in particular the cornea and lens), which is not of 

interest in retinal diagnosis, but which may be larger than the RNFL retardance and has 

been demonstrated to vary substantially in magnitude and orientation between subjects 

[78].  The GDx utilizes a fixed corneal compensator with fast axis oriented 15° nasally 

downward and retardation of 60 nm [49], designed to cancel an “average” magnitude and 

orientation of corneal retardance, where “average” was determined by direct 

measurement of a large number of subjects [23].  It is straightforward to demonstrate that 

when a subject’s corneal magnitude and axis deviate from these “average” values 
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significant error is introduced into the retardance measurement [25,31,169,170].  It has 

also been demonstrated that the fixed compensator allows for acceptable cancellation of 

anterior segment retardance in not more than 60-70% of patients [25], and thus it is 

reasonable to assume that anterior segment related errors have skewed the normative 

database [171,172].  A later version of the GDx, the GDx-VCC, utilizes a variable 

corneal compensator which provides custom compensation for each patient [78,173].  

This custom compensation has been demonstrated to improve the discriminating power 

for glaucoma detection [169,172,174], but is reliant on the visualization of a clear Henle 

fiber bowtie pattern, which may not be possible in the presence of retinal disease 

[175,176].  Atypical retardance patterns are often noticed which manifest as variable 

areas of high retardation arranged in a spoke-like pattern, and/or splotchy areas of high 

retardation nasally and/or temporally [177,178].  In these cases the brightest areas of the 

thickness maps are not consistent with the histologically thickest portions of the RNFL 

[179], and in the presence of these patterns interpretation of results may be difficult or 

impossible [177,180].  To mitigate this problem a new computer algorithm referred to as 

“enhanced corneal compensation” (ECC) has been introduced [181].  With this method a 

bias retardance is added to the variable compensator to increase the total retardation to a 

region with less noise sensitivity; the bias is then removed mathematically from the 

measured results.  This method has been demonstrated to improve glaucoma detection 

[179,182], but is still dependent on the presence of an intact Henle layer.  An alternative 

“screen” method in which the anterior segment compensation is based on an average over 

the full retardance image is used where the Henle layer is distorted or absent [183].  
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However, this technique is sensitive to variations in the RNFL, which are significant 

outside the immediate foveal region.  Methods for anterior segment compensation are 

discussed in further detail in Chapter 12. 

 

Retardance is the product of birefringence and thickness; the GDx assumes a constant 

value of birefringence when calculating RNFL thickness from the retardance 

measurement.  This value was derived from studies in monkey eyes [70,184].  However, 

it has been since demonstrated that birefringence of healthy RNFL varies significantly 

with position around the ONH.  For example, in one study double-pass retardation per 

unit depth measured at 840 nm ranged between 0.1 and 0.35 °/μm, with highest values 

occuring superior and inferior to the ONH [49].   

 

The GDx is an incomplete polarimeter, and so does not measure retardance accurately in 

the presence of diattenuation and depolarization [31].  This issue is of particular concern 

in opacified eyes such as those with cataracts, in which significant differences between 

pre-surgery and post-surgery RNFL measurements have been demonstrated [185,186].  

Spurious results have also been reported in the presence of various ocular pathologies 

including corneal edema, vitreous opacity, peripapillary atrophy, and anterior uveitis 

[187].  The polarimetry-based limitations of the GDx will be further discussed in Section 

5.6. 
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5.4: Optical paths  

The optical paths in the GDx are shown diagramatically in Figure 5.3 (scanning path) and 

Figure 5.4 (imaging path).  The outgoing optical path of the GDx consists of a linearly 

polarized 780 nm diode laser; a nonpolarizing beamsplitter (NPBS); a two-lens adjustable 

focus telescope; a two-dimensional scanner; two reflective filters which also function as 

turn mirrors; a rotating 180° waveplate; a 30 Diopter aspheric Volk lens; and a fixed 

waveplate for corneal compensation.  The beam emerging from the laser is 3 mm in 

diameter, and diverges to a value of 5 mm at the NPBS.  The NPBS reflects the laser 

beam without change in polarization state.  The two-lens telescope (consisting of a 

collimating lens and focusing lens) focuses the beam to an image point located between 

the rotating waveplate and Volk lens.  The telescope may be translated to obtain best 

focus on the retina using an adjustment knob.  The scanner system consists of a resonant 

scanner with metal mirror operating at 4 kHz for fast axis motion in x, and a 

galvonometer scanner with dielectric coated mirror driven by a triangle wave at 26 Hz for 

the slow axis motion in y.  With this combination, a single retinal scan of 300 scan lines 

is accomplished every 38 milliseconds.  The reflective filters are presumably bandpass 

filters at 780 nm.  The rotating waveplate is 6 mm thick, and is mounted on a belt-driven 

rotational mount, with rotational position controlled via a stepper motor; angular 

increment is 2.432° per step over 20 steps for a total of about 46° rotation.  The Volk lens 

refocuses the beam through the corneal compensator and cornea onto the retina with low 

spherical aberration.  The corneal compensator retarder has retardance of 60 nm (27.7°), 

and is mounted on a belt-driven rotational mount.  The rotation is limited to two 
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positions:  15° nasally downwards with respect to left eye and 15° nasally downwards 

with respect to right eye, and is set automatically according to which eye (left or right) is 

being scanned.  The cornea is positioned at the external pupil, about 30 mm from the 

instrument; the beam size at the cornea is about 2.5 mm.  The scanned field of view on 

the retina is about 15° (corresponding to an extent of about 4.5 mm).  The spot size on the 

retina is 15 μm, and the f/# at the retina is about f/24.  

 

The incoming path includes several common elements with the outgoing path, including: 

the corneal compensator, Volk lens, rotating waveplate, reflective filters, scanners, two-

lens telescope, and NPBS.  Additional components include a sealed detector assembly 

containing a pinhole, focusing lens, polarizing beamsplitter (PBS), and two detectors.  

After transmission through the NPBS, the beam passes through the 25 μm pinhole, which 

is confocal with the retina.  The pinhole passes only light emanating from the focal spot 

on the retina, and rejects all other light.  The focusing lens focuses the beam onto the 

detectors.  The PBS directs the horizontally polarized portion of the light towards the 

“co-polarized” detector, and the vertically polarized portion of the light towards the 

“cross-polarized” detector.  The detectors are silicon avalanche photodiode (APD) type, 

with approximately 1 mm
2
 active area.  Data acquisition occurs at a rate of 8 MHz, which 

provides 4x oversampling of 256 x 256 pixel images. 
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Figure 5.3:  Diagram of GDx scanning path, showing the range of scan angles for the 

normal incidence path of the outgoing and return light.  NPBS: nonpolarizing beamslitter; 

PBS: polarizing beamsplitter; APD: avalance photodiode. 
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Figure 5.4:  Diagram of GDx imaging path for the outgoing and return light, for the 

scanners at their central position. 

 

 

5.5: Radiometry 

Simple radiometric calculations can be used to predict the expected optical power at each 

GDx detector, given the approximately 3 mW of optical power at 780 nm exiting the 

GDx, a few basic properties of the eye, and the approximate efficiencies of the optical 

components in the optical path. 

 

The beam size at the eye pupil is about 2.5 mm, sufficiently small for the entire beam to 

enter the eye and proceed through the ocular media to the retina.  The ocular media has 
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transmission Teye, and the beam is focused to a spot size Aspot at the retina, giving an 

irradiance E of 

 

E =
Teye Plas
Aspot

  (in Watt/μm
2
) ,        (5.1) 

 

where Plas is the laser power and Aspot is the area of the spot at the retina.  Assuming the 

retina is an approximately Lambertian reflector with reflectance  [5], the exiting 

radiance L is given by 

 

L =
E

      (in Watt/μm
2
-sr) .       (5.2) 

 

The throughput of the eye Ueye is determined by the product of Aspot and the solid angle 

eye of the emission from the eye.  Solid angle is determined by the eye pupil with area 

Apupil and the distance from retina to pupil Deye.  Using a simple approximation to the 

solid angle formula, 

 

Ueye = Aspot eye = Aspot

Apupil

Deye
2

      (in μm
2
-sr) .     (5.3) 

 

The throughput of the eye must be compared to the throughput of the GDx collection 

optics UG, to determine which limits collection.  The GDx throughput is determined by 



  147 

the product of the Volk lens aperture AG and the solid angle G.  Solid angle is 

determined by the eye pupil with area Apupil and the distance from pupil to instrument DG. 

 

UG = AG G = AG
Apupil

DG
2  .        (5.4) 

 

The expected light power  that is returned from the eye and collected by the GDx is 

then 

 

= LTeyeU      (in Watt) ,        (5.5) 

 

where U represents the smaller of Ueye and UG (it is assumed that the GDx optics are 

properly designed to conserve throughput along the optical path).  The GDx return optical 

path consists of 8 transmissive optical components, with each surface assumed to have 

high-efficiency anti-reflection coating with transmission Tlens; 4 reflective optical 

components, with each surface assumed to have high-efficiency reflective coating with 

reflectance Rmirr; and one beamsplitter, with each surface assumed to have transmission 

0.5.  The efficiency of this stack Topt is thus 

 

Topt = 0.5Tlens
16 Rmirr

4  .         (5.6) 
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Thus the sum of the power reaching the two detectors Pdet (and split in some way 

between them, depending on the polarization state) is 

 

Pdet = Topt  .          (5.7) 

 

The parameters discussed in this section have been left as variables to emphasize their 

function.  Table 5.1 shows appropriate values for each of the variables.  Calculated 

radiometric quantities are shown in Table 5.2. 
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Table 5.1:  Values of parameters for calculating GDx radiometry 

Parameter Description Value 

Teye Transmission of ocular media at 780 nm 0.80 [188] 

Plas Laser power exiting GDx 3 mW 

Aspot Spot area on retina (spot diameter 15 μm) 176 μm
2
 

 Reflectance of ocular fundus 0.10 [189] 

Apupil Area of ocular pupil (pupil diameter 7 mm) 38.5 mm
2
 

Deye Length of eye, retina to pupil 16 mm 

AG GDx collection aperture (collection diameter 25 mm) 490 mm
2
 

DG Distance eye to GDx aperture 30 mm 

Tlens Transmission of each lens surface 0.99 

Rmirr Reflectivity of each mirror 0.99 
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Table 5.2:  Calculated radiometric quantities 

Radiometric Qty Description Calculated value 

E Irradiance incident on retina 1.36x10
-5

 W/μm
2
 

L Radiance exiting from retina 4.34x10
-7

 W/μm
2
-sr 

U Throughput of eye / GDx collection optics 26.47 μm
2
-sr 

 Power collected by GDx 9.19 μW 

Topt Throughput of GDx optics 0.41 

Pdet Power incident on detectors 3.76 μW 

 

Pdet gives a reasonable estimate of the largest signal power to be expected, assuming ideal 

conditions (no vignetting, high fundus reflectivity, etc.).  As the signal level is split 

between the two detectors, each detector will encounter a power level which lies between 

0 and Pdet.  The range of incident powers measurable by the detector system is limited on 

the lower end by the minimum detectable power of the detector system Pmin (calculated in 

Chapter 7), and on the upper end by saturation of the detector system with a ceiling 

determined by the power supply voltage Vp. 

 

The detector circuit is designed with avalanche photodiodes having adjustable 

responsivity Rapd via a user-accessible knob, within a circuit having a fixed gain of 

Gcircuit.  The voltage output to the data acquisition circuit Vcircuit is 

 

Vcircuit = PdetRapdGcircuit  .        (5.8) 
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Reasonable values for detector system parameters are listed in Table 5.3. 

 

Table 5.3:  Values of detector parameters. 

Detector Qty Description Value 

Rapd Responsivity of APD detector 0-1 V/μW 

Gcircuit Gain of electronic circuit 40 

Vp Power supply voltage 12 V 

Pmin Minimum detectable power 0.2 nW 

 

The detector system must be able generate a reasonable number of counts in the 11-bit 

analog-to-digital converter, in response to incident powers ranging from 0.2 nW to     

3.76 μW.  Now for 0.2 nW incident power and Rapd adjusted to the maximum 1 V/μW, 

the voltage generated will be 8 mV giving 2 counts.  For 3.76 μW incident power, Rapd 

may be adjusted down to 0.08 V/μW to generate the maximum voltage of 12 V giving 

2048 counts.  Thus it is reasonably within the system capability to measure the expected 

range of incident flux. 

 

5.6 Polarization path model and analysis 

The GDx measures two retinal polarization parameters:  linear retardance  and 

retardance orientation .  The Mueller matrix of a linear retarder LR[ , ] is given by: 
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LR[ , ] =

1 0 0 0

0 cos2 2 + cos sin2 2 (1 cos )cos2 sin2 sin sin2

0 (1 cos )cos2 sin2 sin2 2 + cos cos2 2 sin cos2

0 sin sin2 sin cos2 cos

 

 

 
 
 
 

 

 

 
 
 
 

 . (5.9) 

 

All other polarization parameters (i.e. circular retardance, diattenuation, and 

depolarization) are not measured by the GDx.  The GDx polarization path is shown 

diagramatically in Figure 5.5.  The outgoing path forms the “generator” or PSG portion 

of the polarimeter.  The polarization components in this path are a horizontally linearly 

polarized source; a half wave plate with rotational increment of ; and a fixed 27.7° 

retarder at  = +15° or  -15° orientation.  The Mueller matrix of the ith state of the PSG 

(Gi) can be modeled as 

 

  Gi = LR[27.7o, ]LR[180o,i ]LP[0o ] ,      (5.10) 

 

where LP[ ] is a linear polarizer with orientation .  The action of the first two elements 

of the PSG is to deliver linearly polarized light and to rotate its orientation via the 

rotating half wave plate. The action of the last element is to compensate the corneal 

retardance. 

 

The incoming polarization path forms the “analyzer” or PSA portion of the polarimeter.  

The primary polarization components in this path are the fixed 27.7° retarder, rotating 

half wave plate, and polarizing beamsplitter.  There are two analyzer paths, one for each 
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beam exiting the beamsplitter.  These two paths are termed the “co-polarized” path Aco,i 

(transmitted through the PBS) and “cross-polarized” beam path Across,i (reflected by the 

PBS).  The Mueller matrices of the two analyzer paths are modeled as 

 

  

Aco,i = LP[0o ]LR[180o, i ]LR[27.7o, ] ,

Across,i = LP[90o]LR[180o, i ]LR[27.7o, ] .
       (5.11) 

 

The action of the co- and cross- polarized analyzers is to determine the retardance of the 

RNFL, as discussed in the following paragraphs. 

 

 

 

Figure 5.5:  GDx polarization path.  The outgoing path consists of the source, horizontal 

polarizer, and rotating waveplate.  The incoming path consists of the rotating waveplate, 

horizontal polarizer, and co detector (co-polarized path); or rotating waveplate, vertical 

polarizer, and cross detector (cross-polarized path). 
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The GDx retardance calculation is based primarily on the N = 20 images acquired by the 

cross-polarized detector (the co-polarized signal gives a reasonable measure of the total 

reflected intensity of the return beam and is used only for normalization).  Each image is 

acquired at a different half wave plate position, which moves in 20 angular steps of  = 

2.432°, for a total span of 48.64°.  The polarization function is most clearly illustrated by 

neglecting the corneal compensator retarder and the retardance of the cornea, in which 

case the generator and cross-polarized analyzer states are given by 

 

  
  Gi = LR[180o,i ]LP[0o ] , 

  
Across,i = LP[90o]LR[180o, i ] .       (5.12) 

 

Two methods are presented to analyze the GDx polarization system.  The first method, in 

which the instrument matrix W is assembled based on the known values of the system 

variables, illustrates the system effectiveness in measuring a linear retarder (i.e. the 

retina).  The second method, in which the measured intensity is expressed as a function of 

the system variables and retarder variables, illustrates the measurement methodology 

employed by the system’s designers. 

 

As discussed in Chapter 3, the instrument matrix for the co-polarized analyzer Wco (cross-

polarized analyzer Wcross) and can be assembled as a series of vectors wco,i (wcross,i), each 

the outer product of Gi and Aco,i (Across,i) at the known waveplate orientation of i .  The 

generalized vectors are given by 
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wco,i =

1

cos4i

sin4i

0

cos4i

cos2 4i
1
2sin8i

0

sin4i
1
2sin8i

sin2 4i

0

0

0

0

0

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 ,         wcross,i =

1

cos4i

sin4i

0

cos4i

cos2 4i
1
2sin8i

0

sin4i
1
2sin8i

sin2 4i

0

0

0

0

0

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 ,    (5.13) 

 

showing that only eight Mueller matrix components are encoded, with encodings of 

cosine and sine of 4  and 8 .  Some Mueller Matrix components share encodings with 

others, so that component scrambling will occur at reconstruction.  Other Mueller matrix 

elements have no effect on the signal. 

 

The instrument matrices for the full polarimeter, cross polarized section, and co polarized 

section (W, Wcross and Wco) can be assembled and evaluated.  A weighted condition 

number, calculated as the ratio of the L2 condition number to the matrix rank, gives a 

metric for the polarimeter performance in the presence of noise when the instrument 
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matrix is not full rank (a smaller weighted condition number indicates better 

performance).  Wcross, Wco, and W have the following properties: 

 

Wco and Wcross: 

Rank:  5  (incomplete polarimeter) 

L2 Condition number:  17.6   (5 singular values ranging from 6.7 to 0.4) 

Weighted condition number:  3.5 

 

W: 

Rank:  8 (incomplete polarimeter) 

L2 Condition number:  18.7 (8 singular values ranging from 7.4 to 0.4) 

Weighted condition number:  2.3 

 

The singular values for Wco, Wcross, and W are plotted in Figure 5.6.  The large negative 

slope clearly indicates that the basis vectors comprising this polarimeter are unequally 

weighted and thus do not provide a robust reconstruction.  Given that retardance 

measurement requires two degrees of freedom, the rank of 5 shows that it may be 

possible to measure retardance, depending on whether the degrees of freedom to be 

measured correspond to those within the polarimeter’s measurement space. 
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Figure 5.6:  Singular values for GDx polarimeter.  Many singular values are zero, 

indicating that the polarimeter is not full rank.  The high slope for nonzero singular 

values indicates unequal weighting of the polarimeter basis vectors leading to high 

sensitivity to noise. 

 

When W is used to measure a generalized sample Mueller matrix M, a vector of measured 

intensities Pm is recorded: 

 

WM =W

m00 m01 m02 m03

m10 m11 m12 m13
m20 m21 m22 m23

m30 m31 m32 m33

 

 

 
 
 
 

 

 

 
 
 
 

= Pm  .      (5.14) 

 

When Pm is then used with the inverse of W to reconstruct the sample matrix MR, it is not 

possible to retrieve information on circular polarization properties (last row and column 

are all zeros), and the m12 and m21 elements are scrambled: 
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MR =W 1Pm =

m00 m01 m02 0

m10 m11
1
2
(m12 m21) 0

m20

1

2
(m21 m12) m22 0

0 0 0 0

 

 

 
 
 
 
 

 

 

 
 
 
 
 

 .    (5.15) 

 

For example, when this system is used to measure the Mueller matrix of a pure linear 

retarder with retardance  and orientation  (such as the RNFL): 

 

W LR[ , ] = Pm,LR  , W 1Pm,LR = MR ,LR  ,      (5.16) 

 

all elements are zero except for 

 

m00 =1,

m11 = cos2 2 +
1

2
cos (1 cos4 ) ,

m22 =
1
2
(1+ cos + cos cos4 cos4 ) .

      (5.17) 

 

The desired parameters  and  can be found from these equations as 

 

= cos 1 m11 + m22 1[ ] ,  =
1

4

m11 m22

1 cos
 .    (5.18) 
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However, if there is now a small depolarization component, which can be simulated by 

premultiplying LR[ , ] by the Mueller matrix of a pure depolarizer DEP[d] which 

imparts a DoP of d  1 to all states: 

 

DEP[d] =

1 0 0 0

0 d 0 0

0 0 d 0

0 0 0 d

 

 

 
 
 
 

 

 

 
 
 
 

 ,        (5.19) 

 

then the reconstructed Mueller matrix is given by 

 

W DEP[d]LR[ , ] = Pm,dep+LR  ,  W 1Pm,dep+LR = MR ,dep+LR  ,  (5.20) 

 

and the measured components become 

 

m00 =1,

m11 = d cos2 2 +
1

2
cos (1 cos4 )

 

  
 

  
,

m22 = d
1

2
(1+ cos + cos cos4 cos4 )

 

  
 

  
.

      (5.21) 

 

Now there is an error in the calculation of  and  dependent on the departure of d from 

1.  This error is substantial even for small amounts of depolarization.  As calculation is 

based on the m11 and m22 components which have a cosine dependence on , the error is 
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enhanced for small values of , which is particularly undesirable when measuring retinal 

retardance (Figure 5.7).  From this W matrix based analysis the following conclusions are 

drawn:  the polarimeter is incomplete, but linear retardance can be measured reasonably 

accurately so long as retinal diattenuation, retinal depolarization, and any system noise 

sources are negligible.  However, if these parameters are not negligible, error may be 

substantial. 

 

 

Figure 5.7:  Simulated error in measurement of linear retardance as a function of degree 

of polarization, for three different values of linear retardance within the typical range for 

retinal measurement. 

 

The above analysis demonstrates that the GDx can measure linear retardance using the 

instrument matrix approach, but this is not the approach used by the instrument designers.  

To understand the utilized algorithm, first consider the full system Mueller matrix Msys 

consisting of the PSG, retina, and cross-polarized PSA: 
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Msys = LP[90o]LR[180o, ]( ) LR[ , ]LR[180o,0]LR[ , ]( ) LR[180o, ]LP[0o]( ) , (5.22) 

  Across    retinal model with linear            G 

      retarder in front of mirror 

 

where the retina is modeled as a linear retarder with fixed retardance  and fixed 

retardance orientation  followed by a perfect reflector modeled as a horizontal linear 

retarder with 180° phase shift; light passes through the retinal retarder, reflects from the 

reflector, and passes back through the retinal retarder (Figure 5.8).   

 

 

 

Figure 5.8:  Simple model for GDx measurement of retinal retardance.  Src: laser source; 

HLP: horizontal linear polarizer; HWP: half wave plate; NFL: nerve fiber layer modeled 

as a linear retarder; M: fundus modeled as an ideal mirror; VLP: vertical linear polarizer; 

Det: detector. 
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The intensity Isys measured through this system is 

 

Isys = 2sin2 sin2 2( 2 )[ ]  .       (5.23) 

 

This result shows that the intensity measured by the GDx as a function of rotating 

waveplate position  follows a sin
2
 curve, with the maximum intensity dependent on 

RNFL retardance , occuring when twice the waveplate orientation angle is 45° different 

from the RNFL orientation theta.  This explains why the rotating waveplate rotates 

through approximately 45° rather than a more intuitive 90° (Figure 5.9a). 

 

For each pixel in the image set, one of the 20 images has highest intensity, because the 

waveplate orientation is closest to being 45° from the nerve fiber layer at that rotating 

waveplate orientation.  A map is assembled of the brightest intensity achieved for each 

pixel among the 20 images, and each pixel is then normalized to the co-polarized 

analyzer signal for that pixel, which gives a measure of the total reflected intensity of the 

return beam for that pixel.  This brightness map represents the retardance of the RNFL, 

and is multiplied by a constant birefringence factor to obtain RNFL thickness.  While this 

method works in theory, in practice it is highly sensitive to noise since only a single value 

of the 20 available is used to determine the maximum of the sin
2
 curve  (Figure 5.9b).  If 

the designers had chosen to perform a curve fit to the 20 measured intensity points at 

each pixel the noise level would have been 20 lower, though at the cost of longer 

processing time. 
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             (a)      (b) 

Figure 5.9:  Theoretical intensity measurement of a linear retarder using the GDx 

polarimeter.  (a):  Ideal intensity measurement follows a sin
2
 curve.  (b):  Simulated 

intensity measurements with random noise added demonstrates that measurement error 

due to noise varies depending on the distribution of noise during the measurement. 

 

To determine the effectiveness of the GDx and its polarization algorithm, one must 

consider possible non idealities.  For example, there may be residual birefringence of 

unknown axis in the GDx optics, the corneal compensator may not completely cancel the 

corneal birefringence, or there may be partial depolarization by the system optics, 

anterior segment, or retina.  Under these conditions there is significant error in the 

calculation of .  Error may take the form of a bias on the measured retinal retardance due 

to the addition of linear retardance from other parts of the system, or it may take the form 

of leakage into the retardance measurement by other polarization elements, such as 

depolarization, which are not correctly measured by this incomplete polarimeter. 

 

The GDx algorithm utilizes idealized polarization component models to determine the 

measurement algorithm.  To address the most significant non idealities, the designers 
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have instituted a few methods such as use of a corneal compensator to approximately 

cancel corneal birefringence and averaging several measurements to approximately 

cancel system birefringence.  As will be seen, this methodology is different from the 

measurement methodology developed for the GDx-MM, in which the polarization state 

of the generator and analyzer are measured directly and highly accurately, and used in the 

form of the W instrument matrix to calculate the polarization properties of the retina. 

 

5.7: Electronics function 

A microprocessor-driven electronics system consisting of several printed circuit boards 

controls the GDx electronics function.  The GDx electronics are something of a black 

box; however, thorough knowledge was not necessary as much of the function was 

replaced by a new electronics system in the GDx-MM.  The electronics functions which 

are relevant to this dissertation are as follows:   

 

1. The x resonant scanner oscillates at 3.93 kHz. 

2. The y galvonometric scanner is driven at 26 Hz, synchronous with the x scanner.  The   

    image acquisition time is 38 ms. 

3. The laser is blanked for 6 ms at the beginning of each scan to provide a dark signal,  

    which is used as the reference for the detector circuit.   

4. The half wave plate stepper motor is driven in 2.432° steps between images 

5. The two detectors are sampled into memory at 8 MHz and 8 bits, synchronous with the  

    scanners. 
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The scanner frequency ratio gives 300 scan lines in an image, but as the laser is blanked 

for part of the scan there are only about 256 useful scan lines.  

 

In addition, the electronics must monitor the buttons and knobs available to the user on 

the GDx instrument.  Of these, the ones relevant to this dissertation are: 

 

1. Start button, pressed to initiate acquisition of an image set 

2. Gain knob, adjusted to increase or decrease gain of detectors 

3. Alignment button, pressed to align the front and back scans 

 

In addition to the electronic functions listed above, the GDx converts raw scanner data to 

various diagnostic images which are displayed to the operator within a few seconds.  This 

function is completely replaced in the GDx-MM. 

 

5.8: Reverse Engineering 

A major challenge in the development of the GDx-MM was that it is based on an existing 

commercial instrument for which only general information is available.  The basic mode 

of operation is known from various patents [149-152], company marketing materials 

[154], and numerous journal articles.  However, the GDx optical and polarization paths, 

and the GDx electronic functionality, needed to be understood in greater detail.  The 

information that was needed was obtained with a substantial reverse engineering effort, 

but as this effort is not central to this dissertation work, it will only be described briefly. 
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The optical path consists of a large number of individual elements.  Unfortunately, it was 

not feasible to dissasemble the optical train to characterize every element, as the 

instrument alignment and calibration would have been lost.  Therefore a best effort was 

made to reconstruct the optical path by examining each element in terms of shape and 

appearance, accurately measuring the distances between elements, and tracing the beam 

size through the system using either an infrared sensor card or a knife edge as appropriate 

to estimate beam position and size.  Image planes were located where the beam comes to 

a focus.  The external pupil was located by noting where the scanner pattern collapses to 

a point, about an inch beyond the outer window.  Scan angles were estimated by 

measuring the aspect ratio of the scan pattern and its growth with distance from the pupil.  

Given these observations, an approximate model was assembled in Code V (Optical 

Research Associates).  This model will be presented in Chapter 6 together with the 

changes made for GDx-MM function.  Some aspects of the optical system could not be 

determined, such as component coatings and the types of elements between the pinhole 

and detector, as these were enclosed in a housing which could not be opened.  The 

polarization function was well established from the literature search.  The orientation of 

the linear polarization emerging from the laser source was established using an infrared 

linear polarizer. 

 

The electronic control function was significantly more difficult to reverse engineer.  The 

general method was to infer the presence of a certain type of signal – for example a high 

frequency signal from the resonant scanner or a digital pulse when the Start button is 
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pressed – and probe the circuit boards with an oscilloscope until this signal was located. 

Particular signals of interest were scanner control and feedback; motor control for the 

rotating waveplate; and user interface control including buttons and knobs.  Datasheets 

for all elements (such as motors and integrated circuits) were obtained and studied to 

further understand the function.  The detector circuitry was “ohmed out” with an 

ohmmeter to give an exact understanding of its function.  This electronic reverse 

engineering required several months of concentrated effort (and exceptional tolerance for 

ear-piercing 4 kHz scanner noise).  Care was taken throughout to prevent electrostatic 

damage to the circuitry. 

 

5.9: Conclusions 

In this chapter the basic operational function of the GDx has been described, in terms of 

optical path, radiometry, polarization, and electronics.  Limitations in the polarization 

measurement capability are clearly outlined, providing a baseline for the improved 

polarization function of the GDx-MM.  Despite the lack of exact information about the 

system, a reverse engineering effort was able to determine enough information to be able 

utilize the GDx as a platform for developing the GDx-MM. 
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CHAPTER 6: GDx-MM DESIGN AND DEVELOPMENT 

 

6.1: Introduction 

The goal of the modifications to the Laser Diagnostics GDx is to create a complete and 

well conditioned polarimeter, in order to measure all retinal polarization properties 

accurately in the presence of error sources.  As demonstrated in the previous chapter, the 

original GDx is an incomplete polarimeter which has potentially high inaccuracy in the 

presence of error.  The challenges to be overcome in creating the GDx-MM included 

polarimeter design within the limitations imposed by the GDx framework, and a 

substantial electrical system design.  In this chapter GDx-MM design issues are detailed, 

including a discussion of the requirements and the processes used to establish the final 

polarimetric, optical, and electronic designs.  

 

6.2: Polarization analysis 

When this project was begun, the initial thought was that a few relatively simple changes 

could be made to the GDx over a period of a few months to produce a complete 

polarimeter.  It soon became clear that the effort required was much more substantial, and 

in the end the development time was about three years.  The challenge in retrofitting the 

GDx involved determining a system of polarization components to give a rank 16 well 

conditioned polarimeter, which could be mounted withinin the available space, and which 

would have minimal impact on the imaging properties of the device.  In this section the 

methods used to design the new polarimeter are outlined step by step. 
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To measure circular and elliptical polarization properties it is necessary to generate and 

analyze elliptical states, requiring the insertion of retarders in the outgoing and incoming 

paths.  Of the various possibilities, two variable retarders were inserted, one in the PSG 

and the other in the PSA.  Variable retarders generally have fixed retardance with 

variable axis (i.e. motor driven waveplate), or variable retardance with fixed axis (i.e. 

liquid crystal retarder or photoelastic modulator).  Liquid crystal retarders (LCRs) were 

the only feasible choice for this system as they are small enough and simple to control.  

The response time is marginally fast enough, and since they do not require a motor drive 

system they can fit in the existing frame.  Following a product search it was determined 

that there was just enough space within the GDx outgoing and incoming optical paths to 

insert 1” diameter ” thick LCRs, available from a few different vendors (the source 

used here was Bolder Vision Optik, Boulder, CO).  No other viable technology was 

identified, given the tight space in the GDx frame.  The many difficulties encountered in 

working with LCRs significantly prolonged the completion of this work, as will be 

discussed in Chapter 7. 

 

With these LCRs inserted, there are three variable polarization elements in the system:  

the two variable retarders, and the rotating half wave plate.  The new system is shown in 

Figure 6.1.  The time to change the retardance of the variable retarders (on the order of 

30-80 ms) is significantly longer than the time to move the waveplate (on the order of     

5 ms).  Thus it is most time efficient to generate a range of polarimeter states by setting a 
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LCR retardance, rotating to several waveplate orientations, changing the LCR retardance 

to a new value, rotating the waveplate to several orientations, etc.  

 

 

Figure 6.1:  GDx-MM polarization component layout, showing outgoing and incoming 

paths.  RLR: rotating linear retarder; LR: fixed linear retarder; HLP: horizontal linear 

polarizer; VLP: vertical linear polarizer. 

 

Given this philosophy, the Mueller matrices for the PSG and PSA become (neglecting the 

corneal compensator): 

 

  

Gij = LR[180o,i ]LR[ j , G ]LP[0
o] ,

Across,ij = LP[90o ]LR[ j , A ]LR[180
o,i ] ,

Aco,ij = LP[0o]LR[ j , A ]LR[180
o,i ] .

        (6.1) 
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where j and j are the variable retardances of the generator and analyzer LCRs, G and 

A are the fixed orientation angles of the LCRs, and  = 2.432° is the rotating half wave 

plate rotational increment.  This increment is fixed due to the dimensions of the belt drive 

system which couples the stepper motor to the rotating waveplate in the GDx.  

 

The original GDx system utilizes 20 states, requiring 0.7 seconds.  The improved system 

could perform more accurate polarimetry by using more states, but the measurement 

duration is limited by saccadic eye movement and blinking.  A maximum measurement 

time of 4 seconds was selected.  Based on the required time to rotate the half wave plate 

and the time to electrically change the retardance of the LCRs, a measurement plan was 

initially proposed using 20 half wave plate positions, at each of four different LCR pair 

retardance ( j and j) combinations, for a total of 80 states, requiring slightly under 4 

seconds. 

 

An optimization process was performed to determine j and j combinations and G and 

A fixed orientation angles to produce a well conditioned polarimeter.  Since the solution 

space for each LCR is four dimensional, and thus quite large and difficult to visualize, 

insight into where the best solutions might lie was obtained by considering trajectories on 

the Poincaré sphere.  Following the procedure outlined in Chapter 4, the accessible 

portion of the Poincaré sphere was determined for various combinations of the generator 

or analyzer variables.  For G = 0° it is only possible to access the equator of the sphere 

(Figure 6.2a).  The accessible portion expands in a partial hemispherical band extending 
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from the equator towards the poles as G increases, with the band encompassing an entire 

sphere for G = 45° (Figures 6.2b and 6.2c). Thus with a variable retarder mounted at 45° 

it is possible to access any point on the surface of the Poincaré sphere.   

 

 

     

         (a)             (b)                    (c) 

 

Figure 6.2: Accessible portion of Poincaré sphere for different orientations of the variable 

retarders.  (a): variable retarders at 0° orientation.  (b): variable retarders at 15° 

orientation.  (c): variable retarders at 45° orientation. 

 

 

However, when the limitation is imposed that there are only four variable retardance 

settings which are fixed during rotation of the half wave plate, the accessible region 

collapses to four separate arcs with trajectories which follow lattitude lines.  For a 45° 

rotation of the half wave plate the lattitude lines extend for a distance of halfway around 

the sphere (Figure 6.3a).  When the waveplate rotation is doubled from 20 steps of 2.432° 

(48.6°) to 20 steps of 4.864° (97.2°), the full lattitude line is accessible.  The particular 

lattitude section followed depends on the choice of variable retardance (Figure 6.3b).  
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Coverage can be further improved by reducing the retardance of the half wave plate.  For 

an appropriate retardance choice, figure eight patterns are generated in which a regular 

tetrahedron can be inscribed (Figure 6.3c), forming an optimizable rank 16 polarimeter.  

From this Poincaré sphere analysis, it is clear that the GDx-MM polarimeter design with 

inserted LCRs operating in the sequence of 4 retardance combinations and 20 waveplate 

orientations will form a rank 16 polarimeter, so long as the waveplate full rotation is 

97.2° and the half wave plate is replaced with a waveplate of lower retardance. 

 

     

         (a)           (b)            (c) 

Figure 6.3:  Trajectories on Poincaré sphere for LCR retardances (3/8, 4/8, 5/8, and 7/8 

wave shown) and total rotations of the rotating waveplate.  (a): half wave plate rotating 

over 45° (Laser Diagnostics GDx uses two of these trajectories on the equator); (b): half 

wave plate rotating over 90°; (c): 145° waveplate rotating over 90°. 

 

Analysis using the Poincaré sphere has given insight into the best general structure for the 

polarimeter, but does not provide exact values for the waveplate and variable retarder 

retardances.  To obtain optimal values, an instrument matrix W is assembled with the 

retardances as variables, and a condition number analysis is performed.  To assemble W, 

the starting point is the Mueller matrices of the PSG and PSA: 



  174 

  

Gij = LR[ ,i4.864 o]LR[ j ,45
o]LP[0o] ,

Across,ij = LP[90o ]LR[ j ,45
o ]LR[ , i4.864 o ] ,

Aco,ij = LP[0o]LR[ j ,45
o]LR[ , i4.864 o] .

        (6.2) 

 

where  is the rotating waveplate retardance, i ranges from 1 to 20 and j ranges from 1 to 

4.  These sets of equations still have nine variables:  , 1- 4, and 1- 4.  This set defines 

a large space which must be limited.  This was done by restricting the values of 1- 4 and 

1- 4 to members of the set: {3/8 wave, 5/8 wave, 7/8 wave}.  These values were chosen 

as providing reasonable coverage on the Poincaré sphere, and by considering the range of 

accurately obtainable LCR retardances.  As will be discussed in Chapter 9, restricting the 

LCR set to just a few members also makes the calibration process easier and less time 

consuming. 

 

Given that there are two detectors, the question also arises as to whether data from both 

detectors can be combined into a single instrument matrix.  The problem with combining 

data from both detectors is that the offset and/or gain are almost certainly different, 

leading to bias in the collected data which will couple as error into the polarization 

calculations.  As the offset/gain differences may be large due to the lack of temperature 

compensation (discussed in Chapter 7), the decision was made to utilize only one of the 

two detectors.  Since the eye has relatively small effect on the polarization properties of 

the incident beam, the co-detector will usually have the larger average signal strength; 

therefore the data from this detector was chosen for processing, even though data from 
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both detectors was collected.  The cross detector signal certainly contains unique 

information however, which might be incorporated into a more sophisticated 

reconstruction algorithm in future work. 

 

Given that only one detector is used, the instrument matrix with variables , 1- 4, and 

1- 4 was assembled from G and Aco.  Then, several trial instrument matrices were 

assembled using a best initial guess value for  of 135° and all possible combinations of 

j and j from the set {3/8 wave, 5/8 wave, 7/8 wave}.  The rank and condition number 

were calculated for each combination.  The results show that a large number of j and j 

combinations produce the same rank 16 instrument matrix, with minimum condition 

number of 20.6. Representative of the best-case combination found is: 

 

j = {3/8 wave, 3/8 wave, 7/8 wave, 5/8 wave} , 

j = {3/8 wave, 5/8 wave, 5/8 wave, 3/8 wave} .     (6.3) 

 

Now, several trial instrument matrices were assembled using this best-case combination, 

but with  ranging from 0° to 180°.  The rank and condition number were calculated for 

each value of .  Results show that  = 147° is optimal, and that the minimum condition 

number of 14.5 grows rapidly away from this value (Figure 6.4).   
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Figure 6.4:  Log condition number as a function of rotating waveplate retardance, 

assuming the LCR retardances are selected according to Equation 6.3.  A retardance of 

147° is optimal. 

 

To compare possible configurations, the rank and condition number of the instrument 

matrix was calculated with different combinations of retardance and orientation of the 

rotating waveplate (Table 6.1).  Reducing the waveplate retardance allows the system 

rank to increase from 14 to 16, and increasing rotation from 48.6° to 97.2° gives a 

dramatic improvement in condition number, from 349 to 14. 
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Table 6.1:  Polarimeter rank and condition number vs. retardance and orientation of 

rotating waveplate assuming the LCR retardances of Equation 6.3. 

 

Waveplate 

retardance 

Waveplate  

rotation 

Rank Condition  

number 

180° 48.6° 14 72 

180° 97.2° 14 7 

147° 48.6° 16 349 

147° 97.2° 16 14.5 

 

 

The last row of Table 6.1 shows the preferred polarimeter configuration with rank 16 and 

condition number of 14.5, described as: 

 

  

Gij = LR[147o,i4.864 o]LR[ j ,45
o]LP[0o] ,

Aco,ij = LP[0o]LR[ j ,45
o]LR[147o, i4.864 o] .

       (6.4) 

 

where j and j are selected from a subset of combinations of the set {3/8 wave, 5/8 

wave, 7/8 wave}.  The final selection of j and j was done at calibration, as described in 

Chapter 9.  In summary, the physical modifications to the GDx polarization system are: 

 

1. Insert LCRs in generator and analyzer path at 45° orientation 

2. Replace rotating half wave plate with 147° plate 

3. Double step the rotating waveplate to double the total rotational range 

4. Remove the corneal compensator waveplate (replaced with clear window) 
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To support these modifications, mechanical design was required.  To install the LCRs in 

the system, mechanical mounts were designed which bolt to the GDx frame.  Given the 

very tight space and the need to remove the LCRs if necessary, the mount design was 

difficult.  The mount for the generator LCR holds the element such that the laser angle of 

incidence is 3°, to prevent direct back-reflections into the laser cavity.  Replacing the 

rotating and corneal compensator waveplates required removing the old plates from their 

mounts and glueing in the new plate / window.  Mechanical design support was provided 

by Charles Burkhart at the University of Arizona machine shop. 

 

6.3: Optical path 

Replacing the rotating waveplate with one of different retardance but same optical 

thickness and appropriate coatings should have no effect on imaging properties. 

However, the insertion of the LCRs into the outgoing and incoming paths must be 

carefully considered. 

 

Due to space constraints the generator and analyzer LCRs are both located in non-

collimated space.  As the bulk of the LCR is glass with index of refraction n of about 1.5 

and thickness of t = 5.2 mm, it shifts the beam focus outward by a distance s: 

 

s =
n 1

n
t =1.7mm  .         (6.5) 
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This shift results in the beam focal point falling well behind the retina (when the eye 

pupil is properly placed at the instrument external pupil).  Since the LCRs are not normal 

to the beam path, they introduce a lateral translation of the beam D of 

 

D
n 1

n
t  ,         (6.6) 

 

where  is the tilt angle of the plate.  The lateral translation is calculated as 30 μm per 

degree of tilt.  While a small translation of the beam is not of importance at the retina, it 

is critical in the return path, as only a very slight translation will cause the return beam to 

be misaligned with the 25 μm pinhole, resulting in little or no signal at the detectors.   

 

The focal shift and lateral translation must be compensated to restore the outgoing and 

incoming focal points to their proper positions.  To correct the focal shift, a weak 

negative lens was inserted between the telescope lenses and the scanner mirrors, and 

installed into the telescope assembly so that it translates with the telescope lenses as the 

system focus is adjusted.  The weak lens slightly refocuses the beam, drawing its focus 

back in towards the original location.  To optimize its focal length and determine the 

effect on imaging, a Code V model was assembled of the outgoing and incoming optical 

paths.  As the optical component parameters are not known precisely, this model is 

approximate.  The weak lens focal length optimized using Code V was found to be           

f = -1980 mm.  This focal length was realized as well as possible using commercially 

available lenses, one plano convex (Lambda Research Optics PCX-12.7B-250,                 
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f1 = 252.0 mm) and one plano concave (Lambda Research Optics PCC-12.7B-150,          

f2 = -293.5 mm) with the plano surfaces in contact, yielding a combined focal length at 

780 nm of f = -1782 mm.  The model suggests that the focal spot at the retina (nominally 

15 μm) grows by about 35% and shifts toward the cornea by about 0.5 mm.  The GDx 

telescope focus control is able to accommodate for the the slight inward shift; the most 

important effect of the addition of the LCRs and weak lens is that the optical resolution 

decreases from 15 μm to 20 μm. 

 

To address beam translation at the pinhole, a standard 1.5 mm thick glass slide mounted 

on a small tip/tilt stage was installed between the analyzer LCR and the pinhole.  The 

rationale is that the slide can be tipped and tilted to introduce a counter-translation which 

realigns the beam to the pinhole.  The orientation of the slide is manually adjusted during 

instrument calibration to give the maximum signal at the detectors.  The slide is not an 

elegant solution, particularly because of slight focal shift and slightly increased spherical 

aberration, coma, and astigmatism, which increase the beam size at the pinhole plane.  

Code V analysis shows that the focal spot at the pinhole plane (nominally 15 μm) shifts 

inward about 0.3 mm, resulting in a doubling of the spot size at the pinhole.  This implies 

that the signal strength for the GDx-MM is about one quarter the signal strength for the 

original GDx.  In practice the signal strength was observed to decline to about one third.  

A better solution would be to move the pinhole so that it is centered on the beam and 

located at best focus, and then to align the polarizing beamsplitter and two detectors to 

the new beam center.  Unfortunately, pinhole translation requires disassembly of the 
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sealed detector assembly with many associated risks, and would require fabrication of a 

custom alignment fixture.  It was decided that the difficulty, cost, and extra time involved 

to move the pinhole were not justified, particularly as the glass slide solution provides 

reasonable results.  The final GDx-MM optical and polarization component layout is 

shown in Figure 6.5. 

 

 

Figure 6.5:  Optical and polarization component imaging path in the GDx-MM for the 

scanners in the central position.  Components notated in red indicate modifications to the 

Laser Diagnostics GDx.  These changes include:  replacing corneal compensator with 

window; replacing half wave plate with 145° plate; rotating plate through 90° rather than 

45°; inserting weak lens; inserting glass slide; and inserting LCRs in generator path 

(LCR-G) and analyzer path (LCR-A). 

 

Code V simulations of the outgoing and incoming beam paths of the GDx-MM are shown 

in Figures 6.6, 6.7, and 6.8.  The eye model is the “Arizona Eye” developed by Jim 

Schwiegerling [190]. 
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Figure 6.6:  Code V model of the GDx-MM outgoing imaging path, for scanners in the 

central position. 

 

 

 

Figure 6.7: Code V model of the GDx-MM outgoing imaging path, for scanners giving 

maximum field of view on the retina. 
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Figure 6.8: Code V model for the GDx-MM incoming path, for scanners in the central 

position. 

 

 

Section 6.4: Radiometry 

There is a difference in radiometry between the original GDx and the GDx-MM which is 

due to transmissive loss of the additional elements in the optical path, and due to slight 

beam defocus, aberration, and translation at the pinhole plane.  The radiometric 

calculations for the GDx-MM presented here make reference to the GDx calculations in 

Section 5.4.  In the GDx-MM outgoing path, there is transmissive loss due to the addition 

of one LCR and the weak lens.  The LCR has Fresnel loss due to reflection from the 

surface, as well as retardance-dependent loss through the liquid crystal medium.  The 

new outgoing laser power is then 

 

 P las = Tlens
4TLCR Plas ,         (6.7) 
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where Plas is the original output laser power, TLCR is the LCR efficiency, and Tlens is the 

transmission of each optic face.  New calculations can be made for the irradiance E´ 

(Equation 5.1), radiance L´ (Equation 5.2), and power ´ (Equation 5.5), using the new 

value of P´las. 

 

In the incoming path, there is transmissive loss due to the addition of three transmissive 

optics: the weak lens, one LCR, and the glass slide; as well as loss at the pinhole plane.  

Referring to Equation 5.6, the new incoming path throughput becomes 

 

 T opt = Topt Tlens
6 TLCR Tpinhole  ,        (6.8) 

 

where Tpinhole indicates the change in the percentage of optical power passing through the 

pinhole.  The new power at the detector is then 

 

 P det =  T opt    .          (6.9) 

 

Assuming the new components have the same high efficiency antireflection coating as 

the original components, the only new variables here are TLCR and Tpinhole.  TLCR was 

measured directly using a Newport power meter to be in the range 82% - 93%, depending 

on retardance setting (3/8, 5/8, or 7/8 wave).  Tpinhole is not accurately known, but is 
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estimated from the Code V simulations to be 0.25.  The values for those variables with 

modified radiometry are summarized in Table 6.2. 

 

Table 6.2: Variables which modify the radiometry for GDx-MM 

Radiometric Qty Description Calculated value 

P´las Power exiting GDx 2.3 – 2.7 mW 

E´ Irradiance incident on retina 1.04 – 1.22 x10
-5

 W/μm
2
 

L´ Radiance exiting from retina 3.32 – 3.90 x10
-7

 W/μm
2
-sr 

´ Power collected by GDx 7.04 – 8.27 μW 

T´opt Throughput of GDx optics 0.078 – 0.090 

P´det Power incident on detectors 0.55 – 0.74 μW 

 

Thus it is estimated that the power incident on the detectors is 15-20% of that seen in the 

original system (in actual use this figure was observed to be approximately 30%).  The 

detector system is still capable of producing a full 11-bit range of counts with this smaller 

signal, provided the gain knob is adjusted higher. 

 

6.5: System timing 

Significant changes were made to the instrument electronics to support the polarization 

function.  The new electronics were designed based on a timing sequence which was 

structured to support all needed instrument functions.  Although the electronics 



  186 

description makes for dry reading, it provides an understanding of instrument limitations, 

and contributes information to the error analysis.   

 

”Timing” refers to the sequence in time of various control signals and the data acquisition 

clock, with respect to the scanner motion.  Reliable timing is critical to ensure that the 

composition of the data stream is well understood and can be “unwrapped” into discrete 

images.  The basic timing elements include: 

 

1. Start of data acquisition 

2. Rate of data acquisition 

3. Moving the motor at the correct times 

4. Changing the LCR drive voltage at the correct times 

 

The frequency of the resonant fast scan can vary by up to several percent depending on 

ambient temperature, and so it is critical to base the GDx-MM timing in a closed loop 

manner on the scanners themselves.  Therefore the data acquisition rate is tied to the fast 

scan frequency, and the start of data acquisition, motor motion, and LCR drive are tied to 

the slow scan frequency.  The original GDx acquired detector data at a sampling rate of   

8 MHz, giving 1024 measured points per line for 300 lines (4 μm sampling resolution 

over the approximately 4.5 mm wide field).  It appears that the 1000 points were then 

averaged in groups of 4 to give 16 μm resolution in a 256 pixel wide scan line.  The 44 

scan lines which occur during laser blanking (i.e. when the laser is off during the first      
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6 ms of each scan to provide a dark reference for the detector) are discarded to produce a 

256 x 256 pixel final image.  Due to limitations in the capabilities of readily available 

data acquisition cards (both in terms of data rate and on-board memory), it was necessary 

to reduce the GDx-MM sampling rate to 4 MHz, giving 512 measured points per line 

(averaged in groups of  2) over 300 lines to give 16 μm resolution in a 256 x 256 pixel 

final image.  While this reduction in sampling frequency is undesirable there is no simple 

workaround; resolution is unaffected though with fewer pixels averaged the signal-to-

noise ratio is lower. 

 

The timing structure is based on the polarization algorithm as presented in Section 6.2.  

There are four identical sequences, in which the LCR retardances are held fixed, and the 

waveplate spans approximately 90° via 18 double pulses of the stepper motor (spanning 

18 slow scan cycles).  Between each sequence, the retardance of the LCRs must be 

electrically changed, then the LCRs require 4 slow scan cycles (about 150 ms) to settle.  

This collection of 18x4 = 72 double pulses, plus 1 single pulse between each sequence, 

moves the waveplate exactly 360°, back to the start position.  This sequence is slightly 

different from the 80-image sequence that was proposed in the polarization theory, but 

has negligible effect on the condition number of the instrument matrix.  Data acquisition 

occurs continuously from the detectors direct into on-board memory throughout the entire 

timing structure.  The start of the timing structure is synchronized to the first slow scan 

cycle occuring after the Start button is pressed.  The full timing sequence is shown 
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diagramatically in Figure 6.9.  Unwrapping image data from the datastream is described 

in detail in Chapter 10. 

 

 

Figure 6.9:  Diagram of the GDx-MM timing structure.  When the Start button is pressed 

the LCR retardance and motor drive signals (consisting of four sequences) are initiated.  

Each sequence contains multiple motor drive double pulses synchronized with the slow 

scanner. 

 

 

6.6: Electronics 

The GDx-MM electronics implement the timing structure in support of the image 

acquisition and polarization measurement.  The most significant new requirements are: 

1. Fast acquisition and storage of a larger number of images (100 vs. 20) 

2. Custom movement of the rotating waveplate stepper motor 

3. Electronic control of the LCRs 
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In addition, several other functions are required: 

1. Synchronization of data acquisition with the scanners and the Start button 

2. Homing of the motor to an accurate and reproducible starting position 

3. Direct readout of the detectors for calibration purposes 

4. Manual control of the laser for calibration purposes 

 

Finally, several functions were implemented that are not mandatory but desirable: 

1. Monitoring the front panel Gain knob, which sets the detector gain 

2. Monitoring the laser output power 

3. Monitoring the ambient temperature 

 

The need for greatly expanded image storage as well as analog and digital control pointed 

toward the development of a custom data acquisition and control system housed in a 

separate computer.  The need for a very high speed acquisition board with the ability to 

acquire directly to a large on-board memory (bypassing operating system interrupts) 

mandated the use of particular National Instruments boards for control and acquisition.  

Labview software was used to program the National Instruments boards. 

 

The electronic effort can be separated into three sections:  reverse engineering of the GDx 

instrument; selection and programming of the National Instruments boards; and custom 

circuit design for additional functionality.  The final electronics system was fully 
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connectorized and packaged to be viable for use in a clinical setting.  The final system 

consists of: 

 

1. Original GDx instrument, consisting of scan head, computer, monitor (GDx) 

2. Data acquisition computer (DAC) 

3. Electronics box (EB) 

 

The original GDx was received without documentation, such as schematics or wiring 

diagrams.  A thorough visual examination of the instrument followed by many hours of 

probing with an oscilloscope were necessary to understand the subset of its electronic 

functionality that was necessary to the modifications.  Once this function was understood, 

certain signals from the GDx were routed to the DAC.  The following is a brief summary 

of the interface points that were established between the GDx instrument and the DAC. 

 

Motor control 

1. The rotating waveplate motor step drive is disconnected from GDx control and 

instead controlled by the DAC. 

2. A signal indicating that the motor is in the home position is sent to the DAC. 

3. A signal indicating that the Start button has been pressed is sent to the DAC. 
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Detector 

1. The control signal which strobes the detector synchronously with the scanner is 

placed on a switch.  Depending on switch position, the detector is controlled 

synchronously (as before) by the GDx or enabled on command from the DAC. 

2. The detector output is put on a T connection, so that it is split between its original 

connection to the GDx computer, and a new connection to the DAC. 

 

Laser 

1. The power to the laser, which is enabled synchronously with the scanner, is 

placed on a switch.  Depending on the switch position, the laser is blanked 

synchronously with the laser (as before) by the GDx, powered continuously, or 

turned off. 

2. A small optical detector is placed behind the nonpolarizing beamsplitter to 

monitor the laser power. 

 

Scan head controls 

1. A signal indicating that the Start button has been pressed is sent to the DAC. 

2. The setting of the front panel Gain knob is monitored. 

3. A small temperature sensor is placed in the scan head. 

 

The DAC functionality can be separated into several areas:  analog input, analog output, 

digital pulse train generation, digital input/output, and timebase generation.  To satisfy all 
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requirements, three National Instruments boards were selected: the 6115 multifunction 

data acquisition board to provide analog input/output and digital input/output; the 6602 

counter board to provide digital pulse train generation; and the 5401 function generator 

board to provide timebase generation.  The analog input is 12 bits with input voltage 

range of ± 5V; since the detector output is always positive the effective depth is 11 bits or 

2.4 mV per bit.  This is an improvement over the original GDx system with 8 bits and 

19.5 mV per bit.  Four seconds of 4 MHz samples are transferred directly to on-board 

memory.  The analog output generates a high resolution, variable magnitude 2 kHz 

square wave required for driving the LCRs.  The counter board provides single pulses 

and pulse trains which are internally or externally triggered to implement assorted timing 

functions.  The function generator board provides the timebase for data acquisition, and is 

adjusted in 1 kHz increments to match the timebase to the slightly variable scanner 

frequency.  These boards are housed in a single Windows based desktop computer, and 

are programmed using Labview.  The system architecture is shown in Figure 6.10.  

Figures 6.11 and 6.12 show the GDx-MM scan head and full system as packaged and 

connectorized.  In these photos the cover has been removed to emphasize internal scan 

head wiring. 
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Figure 6.10:  Electronics system architecture for the GDx-MM.  Items in gray are original 

GDx components; items in red are newly added components. 

 

 

   

Figure 6.11:  The modified scan head with cover removed, viewed from both sides.  New 

wiring has been connectorized to interface cleanly with the bottom bracket of the scan 

head assembly. 
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Figure 6.12: The GDx-MM system.  A: scan head (here with cover off); B: electronics 

box; C: data acquisition computer; D: original GDx computer; E: monitor, keyboard, and 

mouse. 

 

Several functions required additional custom circuitry, including:  Start button, Motor 

homing, Motor double pulsing, and Detector manual control.  Each of these functions is 

described briefly below.  

 

Start Button External Circuit 

This circuit is needed because the scanners are asynchronous with respect to when the 

Start button is pressed.  However, it is necessary to start the data acquisition 

synchronously with the scanners so that the acquired data can be correlated with scanner 

position.  The trigger signal generated by this circuit is synchronous with the leading 
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edge of the first slow scan pulse which occurs after the Start button is pressed.  The 

schematic for this circuit is shown in Figure 6.13. 

 

Motor Homing External Circuit 

The motor homing circuit moves the rotating wave plate to its starting position, as 

indicated by the “Home” sensor on the waveplate housing. The schematic for this circuit 

is shown in Figure 6.13. 

 

 

 

Figure 6.13:  Start button and motor homing circuit 
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Motor Double Pulsing Circuit 

The polarimetry algorithm requires double stepping the waveplate stepper motor.  One 

simple way to do this is to send two pulses to the motor between images rather than one 

pulse.  However, the National Instruments board which generates motor pulses does not 

have the ability to generate double pulses.  For this reason a circuit was designed which 

allows for either single pulsing of the motor (for motor homing) or double pulsing (for 

polarization measurement sequence).  The double pulser portion utilizes three monostable 

multivibrators.  The schematic for this circuit is shown in Figure 6.14. 

 

 

Figure 6.14:  Motor double pulsing circuit 
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Detector manual control 

The detector is held in a disabled state by the GDx electronics unless the scanners are 

operating.  However, for calibration it is necessary to read the detector voltage when the 

scanners are not operating.  A circuit was designed to force the detectors to be enabled, 

and to manually set the dark reference to prevent excessive gain drift due to temperature.  

The schematic for this circuit is shown in Figure 6.15. 

 

 

Figure 6.15:  Detector manual control circuit 
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All custom circuitry and the breakout boxes for the National Instruments boards were 

housed in a single connectorized circuit box (Figure 6.16). 

 

 

Figure 6.16:  Custom circuit box, which houses breakout boxes for the National 

Instruments boards as well as custom circuit boards. 

 

 

6.7: Conclusions 

The modifications to the GDx to implement the GDx-MM polarimeter were extensive 

and included changes to the polarization, optical, mechanical, and electronic systems.  In 

this chapter the methodology for developing the new polarization algorithm was 

described, and was shown to be based on choosing appropriate components for the 

available space; Poincaré sphere analysis for insight into the choice of some parameters; 

and condition number analysis for selecting final component values.  Optical 

modifications were required to support the polarization function, with the challenge of 
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obtaining imaging performance near to that of the original instrument while using 

commercially available optics.  Electronic modifications were extensive, requiring the 

design, assembly, and programming of a new data acquisition system containing National 

Instruments boards as well as custom circuitry. 
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CHAPTER 7: COMPONENT ANALYSIS 

 

7.1: Introduction 

The performance of the GDx-MM is dependent on the properties of its optical and 

polarization components.  This chapter describes the characterization and analysis of 

relevant components, to understand their effect on polarimetry measurement and 

accuracy.  Characterized components common to the original GDx and GDx-MM include 

the laser, scanners and scan mirrors, reflective filters, beamsplitters, lenses, and detectors.  

Characterized components new to the GDx-MM include the LCRs and rotating 

waveplate.  The characterization process (by manufacturer data, theoretical analysis, 

laboratory measurement, and/or educated guess) is described; limitations and non 

idealities are identified; and the effect on polarimetry and imaging is discussed.  

Information on component non idealities is utilized in Chapter 9, where a detailed error 

analysis of the GDx-MM is performed. 

 

7.2: Liquid Crystal Retarders 

The GDx-MM polarimeter requires variable retardance elements in optical path, one in 

the generator and one in the analyzer.  These elements should ideally have the following 

characteristics: retardance varying from at least 3/8 to 7/8 wave at 780 nm; high spatial 

uniformity over a clear aperture of at least ”; high optical throughput; and good optical 

quality (i.e. surface figure and flatness).  As the GDx was not designed to accommodate 

these components, the space in which they may be mounted is limited.  Therefore the 

retarders must be small (under 1” diameter and ” thickness).  As the incident beams are 
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converging or diverging, the retardance should vary as little as possible with incident 

angle, over a 10° angle of incidence range.  Finally, the elements should have fast 

response time when retardance is changed by computer control, ideally settling to the 

desired retardance in under 100 ms.   

 

A few options are available for implementing a computer controlled variable retarder: 

liquid crystal retarders, Pockels cells, Soleil-Babinet compensators, and photoelastic 

modulators.  Pockels cells, consisting of a photorefractive electro-optic crystal which 

exhibits birefringence proportional to an applied voltage, were rejected due to the large 

size, need for a kiloVolt power supply, and high cost.  Soleil-Babinet compensators, 

consisting of crystalline wedges which are translated with respect to each other to 

produce true zero-order retardance of up to one wave, were rejected due to the large size, 

high cost, and requirement for a large housing to accommodate a computer controlled 

micrometer interface.  Photoelastic modulators, consisting of bars of optical material such 

as glass which exhibit stress birefringence when they are driven to resonance, are a more 

likely possibility.  However, working with these devices is tricky as the birefringence 

modulates sinusoidally, peak retardance is fixed by the material and dimensions of the 

bar, and retardance varies along the length of the bar.  The need for sophisticated 

electronic control and vibration mounts makes this option quite expensive.   

 

Pockels cells, Soleil-Babinet compensators, and photoelastic modulators have fast 

response time, high throughput, high uniformity over a large aperture, and wide 
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acceptance angle, but they are large and costly.  Liquid crystal retarders (LCRs) were 

chosen for this project because they are small, relatively inexpensive, and relatively 

simple to control.  These advantages come at the expense of slower response time, lower 

throughput, and more variability in polarization properties.  LCRs can be thought of as 

tunable waveplates, with retardance in the range of zero to several waves determined by 

an applied square wave voltage, usually in the range 0-10 V. These devices utilize the 

“Fredericks” cell configuration, which is different from the twisted nematic configuration 

used in liquid crystal displays.  There are four components (Figure 7.1):   two glass plates 

which form a cavity, Indium Tin Oxide coatings on the plates which form transparent 

electrodes, a polyimide layer on each plate which acts to align the liquid crystal 

molecules parallel to the plates, and a high birefringence liquid crystal material 

sandwiched between the plates.  When no voltage is applied the liquid crystal molecule’s 

directions are aligned parallel to the plates and the retardance is maximum.  When a 

voltage differential is applied between the plates an electric field is induced which 

supplies a torque to the liquid crystal molecules, increasing the angle of the molecules 

with respect to the plates resulting in a decreased retardance.  When the majority of the 

molecules are nearly perpendicular to the plates, retardance is minimum. 
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Figure 7.1: LCR composition and liquid crystal orientation as a function of applied 

voltage 

 

Those molecules which are near to the surface of the plates are unable to fully rotate, and 

so it is not possible to obtain a zero phase shift.  If a DC electric field is applied 

continuously then impurity ions in the liquid crystal material will tend to migrate towards 

the plates.  These migrating ions may damage the helical liquid crystal structure, and 

once arrived at the plates will set up a permanent electric field which reduces the 

dynamic range of the device.  To avoid this problem an alternating square wave voltage 

at approximately 1 kHz is applied.  Retardance is a nonlinear function of applied voltage, 

and the relationship is highly variable from device to device, so that individual calibration 

of each device is required.  Although optical quality and surface figure are generally very 

good, spatial uniformity is often poor due to the difficulty of obtaining an even 

distribution of the liquid crystal material between the plates.  As the cells are fairly thick 

(about ”), they introduce potentially undesirable focal shifts and tilts when used in 

uncollimated space.  Transmission is fairly high (typically 80-90%), but can vary by up to 

several percent with applied voltage.  Temperature dependence of the retardance is 

specified by the manufacturer to be typically 0.5% per ºC, a significant issue.  The liquid 

crystal material scatters, leading to some depolarization of the polarized beam. 
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Of particular importance is the switching time, i.e. the time for the retardance to settle to 

within a small percentage of its final value after a new voltage is applied.  Switching time 

should be as fast as possible to minimize measurement time and thus minimize eye 

movement and blinking.  Switching time in LCRs is highly variable, depending on cell 

thickness, liquid crystal viscosity, temperature, and applied voltage.  Switching time is 

also asymmetric: when voltage and thus electric field is increased (retardance is 

decreased) the torque applied to the molecules determines the response time, but when 

voltage is decreased (retardance is increased) a slower interactive restoring force between 

molecules determines response time.  The restoring force has fastest response for those 

molecules near the plate surfaces, and slowest response for those near the center.  LCR 

switching times are typically on the order of 1-100 ms. 

 

LCR devices, available from a few suppliers, are not widely used and are generally “hand 

made” and thus somewhat variable in their properties.  For this work seven LCRs were 

obtained from Bolder Vision Optik in Boulder, Colorado (the two with highest 

uniformity and degree of polarization were chosen for use in the instrument).  Several 

measurements were done to quantify performance, including: retardance vs. voltage; 

depolarization vs. voltage, retardance vs. angle of incidence; switching time; and 

uniformity over clear area.  In addition a study was done to determine whether changing 

retardance causes measurable warping of the device, which might induce aberration in 

the imaged beam. 
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Retardance vs. voltage, depolarization vs. voltage, and uniformity were tested by placing 

each LCR in a calibrated imaging dual rotating retarder Mueller matrix polarimeter in 

transmission configuration.  The field of view of the polarimeter was set to 10 mm, equal 

to the clear aperture specification for the devices.  The devices were mounted at normal 

incidence to the probing beam, with fast axis vertical.  A Meadowlark Optics D3040 

controller was used to adjust the magnitude of the applied 2 kHz square wave voltage 

waveform in the range 0V to 10V.  A typical measured retardance vs. voltage curve is 

shown in Figure 7.2.  The most effective portion of the curve is for applied voltages of 

1V - 5V, yielding retardances of 1.5 to 0.25 waves.  The slope of the curve in the 1V to 

3V region is about 0.5 waves per volt, and in the 3V to 5V region is about 0.125 wave per 

volt.  In other regions of the curve the slope is low and less useful.  All devices displayed 

a similar retardance vs. voltage response to within ± 5%.  The measured response curve 

for each cell was fitted to a high order polynomial, which was later used to determine the 

applied voltage to obtain a desired retardance. 
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Figure 7.2: Typical retardance vs. voltage curve for Bolder Vision Optik liquid crystal 

variable retarders at 780 nm. 

 

All LCRs exhibited significant nonuniformity in polarization parameters across the clear 

aperture; a few examples are shown in Figure 7.3.  Some devices were only slightly 

nonuniform, while others showed significant nonuniformity.  The maximum variation in 

retardance magnitude across the clear aperture is about 5%.  The depolarization index 

(DPI) also varied significantly from device to device.  Three devices had DPI of 1%, 

three had DPI of 5%, and one had DPI of 10%.  The large variation in uniformity and 

DPI is a clear indication of the “handmade” quality of the cells, and is likely associated 

with the glass spacer spheres and capacitive force between the plates.  A further study of 

DPI in cells 2 and 4 as a function of applied voltage shows that cell 4 had nearly constant 

DPI of 1% over a voltage range of 2-6V, but cell 4 DPI increased from 2% at 2V to 8% at 

6V.  Depolarization images for these cells clearly indicate that depolarization is 

nonuniform.  
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Figure 7.3: Examples of nonuniformity in retardance magnitude across clear aperture of 

two representative Bolder Vision Optik liquid crystal variable retarders at 780 nm.  

Applied voltage is 2V. 

 

Retardance as a function of angle of incidence was tested for one device using an 

imaging dual rotating retarder polarimeter in transmission configuration.   Microscope 

objectives with 50 mm focal length were used to focus polarized light from the generator 

with an f/3 cone through the LCR, and to recollimate the transmitted light for passage 

through the analyzer and into a camera.  The collected images give polarization 

properties as a function of angle of incidence for a single point on the LCR.  Radial 

distance from the center of the image is proportional to angle of incidence and radial 

position represents orientation of the plane of incidence.  Data was collected for three 

different applied voltages:  1.6V, 2.8V, and 5.0V, corresponding roughly to 1.25 waves, 

0.5 waves, and 0.25 waves.  A plot of the change in retardance over a ± 10° angle of 

incidence for each applied voltage is shown in Figure 7.4.  Retardance varies 

substantially, both as a function of angle of incidence (with high linear slope of 2° to 3.5° 

change in retardance per degree of incidence angle about normal incidence), and of 

applied voltage.  In practice this is a large problem.  Since the LCRs are not used in 
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collimated space there will be a range of retardances seen by different parts of the beam, 

causing depolarization. 

  

 

Figure 7.4: Change in retardance as a function of angle of incidence over a 10° cone for a 

Bolder Vision Optik liquid crystal variable retarder at 780 nm. 

 

The switching time of the LCRs was tested using a polariscope.  A monochromator at 

780 nm and optical fiber with collimating lens formed a 1” diameter collimated source 

beam.  This beam passed through a first horizontal polarizer, the LCR with fast axis 

oriented at 45°, and a second horizontal polarizer.  The intensity through this system, 

dependent on LCR retardance, was measured by a fast Newport photodetector and  

viewed on an oscilloscope.  The LCR voltage was varied using a Meadowlark D3040 

liquid crystal controller.  Typical switching profiles are shown in Figure 7.5.  Over a wide 

range of applied voltages the settling time is in the range 40-50 ms for voltage increase, 

and in the range 30-80 ms for voltage decrease. 
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           (a)      (b) 

 

Figure 7.5: Typical switching profiles for Bolder Vision Optik liquid crystal variable 

retarders at 780 nm.  Time scale is 20 ms per grid.  Top trace:  2 kHz applied square wave 

control signal.  Bottom trace:  response of LCR to change in control signal magnitude.  

(a): typical response for drive voltage increase; (b): typical response for drive voltage 

decrease. 

 

There was a concern that the torque generated within the LCR in response to a change in 

voltage might distort its shape, thus introducing wavefront aberration into the optical 

system.  A knife edge test explored this issue. The generator path was simulated using the 

following components:  a red HeNe laser;  a 20X, 0.4 NA microscope objective; a LCR; 

and a 50 mm focal length lens to focus the beam onto a CCD camera.  A knife edge was 

placed at the focal point of this system, i.e. at that location where insertion into the beam 

caused uniform darkening of the beam as viewed by the camera.  The LCR voltage was 

increased in 1V increments from 0 - 5V, and the knife edge was translated laterally in and 

out of the beam at each increment.  No measurable change in knife edge position was 

needed to maintain its location at the focal point.  The knife edge was then translated to a 
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fixed position such that it blocked exactly half the beam (uniform half intensity image at 

camera), and the LCR voltage was varied as before.  No measurable change in intensity 

was observed.  The conclusion is that no measurable beam distorting effects occur as the 

LCR voltage is changed. 

 

7.3: Laser source 

From patents and marketing literature it is known that the GDx laser operates at 780 nm. 

It is clearly a diode type laser given the wavelength and form factor.  The output power 

stability of this laser source is of particular interest.  As the polarization processing relies 

on relative intensity changes from image to image, any drift in laser output over the         

4 second measurement time will couple as error into the reconstruction of the Mueller 

matrix image.  A drift in laser output over the few hours required to calibrate the system 

(discussed further in Chapter 8) would introduce a systematic error into the calibration 

data, which would then affect every measurement made with the instrument.  

 

Laser power output as a function of time over five minutes (after system off for several 

hours) was measured with the scanner disabled using an Oriel optical power meter. The 

output rose steadily from 2.9 mW to 3.0 mW,  a small rise which will not contribute  

significant error.  After being on overnight, the laser output was observed to remain 

constant to within the resolution of the power meter over a period of several hours; this 

demonstrates that a warmed-up laser can be used for system calibration without concern 

for intensity drift. 
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A laser-related issue is subtraction of a dark reference level from each acquired image, so 

that, for example, measurements are not influenced by room lighting conditions.  While 

the confocal nature of the instrument minimizes the need for dark level subtraction, it is 

still advisable.  By viewing the laser output using a photodetector and oscilloscope during 

GDx normal operation, it was observed that the laser is blanked by the GDx control 

system for approximately 6 ms at the beginning of each scan, roughly corresponding to 

the time when the waveplate motor is moving.  This blanking function allows the detector 

“zero” to be reset on a per scan basis.  This function was maintained as is in the GDx-

MM design. 

 

The polarization state of the laser was confirmed to be linearly polarized (as assumed in 

the analysis of Chapter 5) by disabling the scanners, and rotating a piece of Polarcor 

polarizer material in the output beam.  The intensity through the polarizer, as measured 

using the Oriel power meter, varied from a maximum of 3 mW with the polarizer 

horizontally oriented to a minimum of approximately 0 mW with the polarizer vertically 

oriented, demonstrating that the laser is horizontal linearly polarized with high degree of 

polarization. 

 

7.4: Scanners and scan mirrors 

The slow and fast scanners were identified as galvonometer and resonant (respectively) 

based on their form factor and manufacturer datasheets.  The scan frequencies were 

measured as 26.4 Hz and 3.94 kHz (respectively) by monitoring the drive signal using an 
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oscilloscope.  Because the frequency of the resonant scanner can drift, and because the 

frequency of the data acquisition system is not locked to the scanner frequency, there is 

an irregularity in the sampled data which must be compensated.  To estimate the 

magnitude of the drift, the fast scan frequency was monitored over various time intervals.  

It was noted that, over any given hour, the frequency drifts downward by about 1 Hz, and 

from day to day, the frequency differs by at most ± 5 Hz.  This magnitude is small 

enough to be partly compensated by sampling the scanner frequency before each 

measurement and setting the data acquisition frequency to the sampled value.  Further 

compensation is performed as a post-processing step, described in Chapter 10.  

 

The resonant scanner has a metallized mirror, and the galvonometer scanner has a 

multilayer dielectric coated mirror.  The composition of these coatings is unknown, but 

they are presumed to have high reflectivity for 780 nm.  Because the incident light is 

converging and at an oblique angle, the coatings may contribute diattenuation and 

retardance which is dependent on angle of incidence.  Different parts of the beam would 

then be polarized differently, giving undesirable depolarization.  As the mirrors could not 

be removed from the system to be characterized, polarization ray trace simulations using 

Code V were performed instead.  Typical coatings were assumed:  silver for the 

metallized mirror, and an 8-layer stack of high-low refractive index material for the 

dielectric mirror.  Simulations show that for a horizontally polarized beam with angle of 

incidence in the range 35°-55°, the rotation and increase in ellipticity are minimal, 
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implying that depolarization and variation of polarization across the field should be 

minimal.  Polarization ray trace simulations were performed by Karlton Crabtree. 

 

Finally, as the scanner motion is nonlinear (i.e. the scan speed is faster at the edges of the 

scan pattern than at the center), a simple scan reconstruction which assumes a linear scan 

will produce a distorted image.  This distortion has no effect on polarization content but 

may confuse image interpretation.  Distortion was quantified by scanning a 1 mm grid 

graph paper (Figure 7.6).  The increase in square size from center to far edge was about 

9% in both horizontal and vertical directions.  A small curve in the graph lines was also 

observed.  This level of distortion is minor and considered acceptable.  It would be 

possible to compensate for distortion as a post-processing step (not done in this work). 

 

 

Figure 7.6:  Scan of graph paper with 1 mm squares showing slight scan distortion over 

the field of view. 

 



  214 

7.5:  Avalanche Photodiode Detector 

The avalance photodiode detector (APD) used in this system, while very sensitive, has 

several issues which can influence accuracy.  In this chapter the signal detection range is 

calculated and demonstrated to be appropriate given the expected signal strength.  Non 

idealities are then discussed. The manufacturer datasheet was used to analyze the 

particular APD detector used in the GDx-MM instrument. 

 

Several parameters define the basic performance of a detector, including responsivity, 

dynamic range, bandwidth, and signal-to-noise.  The 3 dB bandwidth of this detector is 

50 MHz, amply larger than the system’s 4 MHz sample rate, and so fine detail in the 

image should not be blurred by bandwidth limitations.  The responsivity R is dependent 

on an applied bias voltage (0 - 400V), and is in the range of 0 - 1 V/μW.  Given a linear 

output voltage swing of up to 0.7V, this implies a maximum input signal of 0.7 μW 

incident optical power.  However, as the detector is followed by an amplifier with a gain 

of 40 powered by ± 8V, the maximum signal from the detector is actually 0.2V, 

corresponding to 200 nW incident optical power.  Beyond 200 nW the amplifier will 

saturate, beyond 2 μW the detectors will saturate, and beyond 5 μW the detectors will be 

damaged.  These levels are consistent with the radiometric analysis of Chapter 4. 

 

Noise performance of APDs is an important consideration [191], as it limits the minimum 

optical intensity which can be accurately detected.  Sensitivity at low incident power is 

limited by detector (thermal) noise, and at higher power levels by shot noise.  Since the 
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APD is designed to be operated under reverse bias, the noise performance at low light 

levels will be limited by shot noise due to dark current fluctuations and leakage current.  

The noise level at higher light levels will be limited by photon shot noise on the current 

generated by the optical signal.  In general, APDs have higher noise than PIN 

photodiodes because the bulk leakage current is multiplied by the gain M of the APD, 

which is typically on the order of 100.  In addition, the avalanche process generates 

current fluctuations which lead to an excess noise factor F, typically on the order of 5, 

which further increases the bulk leakage current.  However, in cases where the amplifier 

noise is high (typically in high bandwidth situations such as the GDx-MM), the APD gain 

can be increased to the point where detector and amplifier noise are similar, giving an 

overall improved signal to noise ratio as compared to a PIN diode.  There is an ideal gain 

which provides the best signal to noise ratio; for this detector that value is 120, 

corresponding to an applied voltage of about 370V. 

 

The minimum detectable power Pmin is defined as the light level giving a signal to noise 

ratio (SNR) of 1.  It is related to the Noise Equivalent Power (NEP), defined as the 

minimum detectable power for a 1 Hz signal bandwidth.  For this detector with           

NEP = 0.03 pW/ Hz and bandwidth B = 50 MHz, 

 

Pmin = NEP B = 2.1x10 10 W ,       (7.1) 
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which quantifies the dynamic range as 0.2 nW to 200 nW incident optical power.  The 

SNR is calculated as the ratio of electrical signal power to the sum of thermal and shot 

noise terms, at the optimal wavelength of 780 nm, temperature of 273 K, gain of            

M = 120, and bandwidth B = 50 MHz.  The electrical signal power is given by 

 

S =
RPs( )

2

RL

= 2.5x107Ps
2 ,        (7.2) 

 

where R is the responsivity in V/W (data sheet: 5x10
5
 V/W), Ps is the incident optical 

power, and RL is the load impedance (data sheet: 10 Kohm).  The thermal noise power 

can be estimated as 

 

Nth = 4kTB = 8.09x10 13 W .        (7.3) 

 

The shot noise power can be estimated as 

 

Nshot = 2qBF RMPs + IdM
2RL( )  ,       (7.4) 

 

where q is the electronic charge and Id is the dark current.  Since Id and F are not 

specified in the datasheet, typical values of 0.2 nA and 5 are assumed.  In this case 

 

Nshot = 4.8x10 3Ps + 2.3x10 12   .       (7.5) 
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Then SNR is given by 

 

SNR =
S

Ntherm + Nshot

= 5.2x109
Ps
2

Ps + 4.8x10 10   .     (7.6) 

 

For incident optical powers of greater than about 1 nW, SNR is linear in Ps and shot noise 

limited, increasing to a value of over 1000:1 at the maximum signal level of 200 nW.  

 

Detector linearity is important, as a nonlinear responsivity will result in measured 

intensity distortion, giving systematic error in the polarimetry.  To investigate the 

linearity of the detector a monochromator with adjustable slit was used to generate a 

variable intensity beam which was injected into the GDx-MM.  The intensity range was 

similar to a typical retinal signal (0-500 counts from the analog to digital converter). 

Intensity was increased linearly in steps, and at each step the GDx-MM captured an 

image.  The average intensity (in counts) of each image was calculated.  A plot of 

measured counts vs. incident intensity (Figure 7.7) demonstrates that the detector is 

highly linear, with the departure from linearity on the order of 3%. 
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Figure 7.7:  Measured linearity of the GDx-MM detectors, showing an approximately 3% 

departure from linearity. 

 

A detector-related issue is the possible presence of system frequencies exceeding the 

Nyquist rate (i.e. exceeding half the sampling rate of 4 MHz).  Any such frequencies 

which leak into the detector circuit would alias into the frequency region of interest (i.e. 

below 2 MHz) and couple into the measurement.  To investigate this issue, the grid of 

Figure 7.6 was scanned at the highest scanning frequency available from the National 

Instruments board (9 MHz), and a fast Fourier transform was calculated (Figure 7.8).  

The only significant frequency component above the Nyquist rate, at about 3.73 MHz, is 

a factor of 6 smaller (about 8 dB down) from the main frequency components.  Its 

contribution is small enough to be neglected.  
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Figure 7.8:  Fast Fourier transform of the GDx-MM scan of a graph paper target.  Most 

frequency components are below 500 kHz.  There is one significant component above the 

Nyquist rate of 2 MHz, but it is small enough to be neglected. 

 

A major problem with APD detectors is the strong dependence of gain on temperature.  

With a fixed operating voltage the gain decreases at higher temperatures and increases at 

lower temperatures.  This can lead to measured intensity distortions which cause 

polarimetry error.  This issue is of particular concern during the half hour long calibration 

procedure for the analyzer.  As the GDx detector circuitry was designed without 

temperature stabilization, gain drift is a significant problem in the GDx-MM.  Given the 

lack of stabilization, the change in gain for a 1°C change in temperature would be 

expected to be about 2.5% to 5.0% depending on operating voltage.  Gain drifts of this 

order were directly observed by disabling the scanners, placing a Spectralon target at the 

retina plane to diffusely scatter light back into the instrument, and monitoring the detector 

output with an oscilloscope.  Options for addressing this issue include the use of 

thermoelectric coolers to stabilize temperature and the use of custom analog circuitry to 

adjust the bias voltage with temperature.  The decision was made to keep the original 

GDx detector circuit as is despite lack of temperature stabilization due to the complexity 
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of redesigning the circuit, a lack of space for additional circuitry, and the difficulty in 

realigning the detector.  As such, detector gain drift is one of the primary error sources in 

the GDx-MM polarimeter.  The effect of this error on accuracy is discussed more fully in 

Chapter 9.  

 

7.6: Rotating Wave plate 

A new waveplate with retardance of 147° (314 nm at 780 nm) was made to custom 

specification and characterized using a calibrated imaging polarimeter.  Since this 

component is central to the polarimetry, it is important that it have accurate retardance 

over a wide clear aperture and range of angle of incidence and temperature.  A zero-order 

retarder made from a birefringent polymer material was selected because this type of 

waveplate has significantly lower variation in retardance with angle of incidence than 

crystalline materials (about 6% change from 0° to 30° angle of incidence).  The 

temperature sensitivity is about 0.04% per °C, which is negligible.  The waveplate was 

specified to have less than 1/100 wave retardance variation over the clear aperture.  

Imaging polarimeter test results show that the waveplate has retardance magnitude of 

147.2° ± 0.4°, diattenuation magnitude of 0.02 ± 0.01, and depolarization index of     

0.012 ± 0.004.  These values are well within the specified limits. 

 

The repeatability and accuracy of the waveplate motor drive are important, since 

variations will contribute to error.  Repeatability treats the ability of the motor system to 

start from the same “zero” position each time, and is dependent on the reliability of the 
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homing sensor.  Repeatability was estimated by comparing the home sensor response 

time to the motor drive pulse time during the homing procedure.  This comparison 

indicates that the sensor may lag enough to let an additional pulse through after the motor 

is home, thus advancing it one position too far.  Thus the repeatability is 1 step, or 

2.432°.  Accuracy treats the variability in rotary distance travelled when one pulse is sent, 

and is dependent on the motor configuration.  Accuracy was estimated from the motor 

datasheet to be ± 5% per step, or about ± 0.002 rad.  While accuracy and repeatability are 

not as good as desired, it was impractical to replace the motor control system.  Homing 

error is one of the primary error sources in the GDx-MM polarimeter, as discussed in 

Chapter 9.  

 

7.7:  Conclusions 

In this chapter GDx-MM component issues and their limiting effect on polarimeter 

performance were discussed.  The liquid crystal variable retarders present particularly 

serious problems due to significant depolarization as well as variations in retardance with 

aperture, angle of incidence, and temperature.  The APD detectors are predicted to have 

acceptable SNR and high linearity over a wide range of optical signals, but gain drift with 

temperature is a concern.  The waveplate motor control system is not as accurate and 

repeatable as desired and may be a major source of error.  The laser source and scan 

mirrors are not expected to have substantial effect on polarimetry accuracy.  The 

component errors identified in this chapter are used to predict GDx-MM accuracy in an 

analysis described in Chapter 9.   
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CHAPTER 8: CALIBRATION 

 

8.1: Introduction 

Calibration must be performed to generate the instrument matrix which converts each raw 

dataset to a Mueller matrix image.  Various techniques are commonly used to calibrate a 

polarimeter; the relative merits of several are discussed.  The calibration method used for 

the GDx-MM, direct measurement of states by an external polarimeter, is described in 

detail with an emphasis on instrumentation and measures taken to reduce error in the 

calibration data.  Metrics for assessing the accuracy of the calibration data are also 

presented, and the calibration data is analyzed in terms of these metrics.  Finally, data 

processing methods for assembling the instrument matrix from the calibration data set are 

described. 

 

8.2: Overview of calibration methods 

To reconstruct sample Mueller matrices from polarimeter measurements, the polarization 

states of the generator and analyzer must be accurately determined and assembled into an 

instrument matrix.  For some polarimeters the polarization components which generate 

the states are nearly ideal, and it is reasonable to construct the instrument matrix from 

mathematical models derived from ideal Mueller matrices of the components.  Small 

corrections to the model can be made by measuring the Mueller matrices of the 

polarimetric components using an external polarimeter, then constructing the instrument 

matrix from these matrices.  A more sophisticated approach requiring somewhat more 

effort involves using the polarimeter to measure a specific set of high quality (nearly 
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ideal) targets with known Mueller matrices (e.g. Polarcor polarizer and quartz waveplate 

at various orientations) [192,193].  The data measured by the polarimeter can be reduced 

via a numerical solution to a set of linear equations to yield the instrument matrix.  This 

approach is reasonably accurate so long as the targets may be accurately modeled by 

Mueller matrices.  An even more involved calibration method is to measure each state 

individually using an external calibrated polarimeter.  This method may be difficult to set 

up due to the need for precise alignment between the polarimeters, and is more time 

consuming as each state must be measured individually.  However, this method provides 

highest accuracy so long as the external polarimeter is accurate and the polarization states 

do not drift significantly during the course of the measurements. 

 

The GDx-MM is not well suited for the modeling approach as the optical path has many 

components mounted at complex angles and having coatings exhibiting potentially 

complicated polarization behavior.  As these components cannot be removed without 

losing alignment it is not possible perform polarimetric testing, which would be 

necessary to construct an accurate model.  Measurement of a set of ideal targets is a 

better possibility.  However, as best possible accuracy is desired, the GDx-MM was 

calibrated via measurement of all possible states using an external polarimeter.  An 

appropriate combination of states giving highest stability was then selected for final use 

using a procedure described below.  Given an accurate measurement of each of the 

highest stability states, the GDx-MM calibration is very accurate. 
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The generator and analyzer states must be separately calibrated.  The generator states are 

described by the Stokes vectors of the light emitted for each of the 72 states.  In this case, 

an external calibrated Stokes polarimeter measures the Stokes vector (“generator vector”) 

of each state.  The analyzer states, however, must first be described by the composite 

Mueller matrix of the analyzer path components for each of the 72 states.  The first row 

of each Mueller matrix gives the vector for use in the calibration.  In this case, an external 

calibrated Stokes vector generator injects several states into the GDx-MM, and its 

detectors measure a corresponding intensity vector.  The analyzer Stokes vectors 

(“analyzer vectors”) are calculated from the intensity vector and the Stokes vectors of the 

injected states.  The following sections describe in detail the specific methods for 

calibrating the generator and analyzer sections. 

 

8.3: Generator calibration 

The calibration of the generator assumes the use of an external Stokes polarimeter that 

has been calibrated for use at 780 nm.  The GDx-MM scan head was mounted on an 

optical bench with its optic axis coincident with the optic axis of the external polarimeter.  

The external polarimeter for this work consisted of a rotating quartz waveplate followed 

by a Glan-Thompson fixed polarizer.  An optical power meter (Newport 1830-C) with a 

780 nm bandpass filter measured the intensity through the external polarimeter.  The 

GDx-MM laser sensor was connected to an external power meter to monitor power 

fluctuations.  The generator calibration setup is shown in Figure 8.1.   
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Figure 8.1:  Generator calibration setup, showing the scan head and external Stokes 

polarimeter mounted on an optical bench. 

 

After waiting several hours for the laser to reach steady state, the GDx-MM was set to the 

first state by moving the rotating waveplate to the starting position, and by setting the 

generator LCR retardance using a Meadowlark Optics D3040 Liquid Crystal Controller.  

The Stokes polarimeter measured the Stokes vector of this state, and the laser power was 

measured by the external power meter.  This procedure was repeated for every possible 

generator state, including 72 different motor positions and 3 different generator retarder 

settings (3/8 wave, 5/8 wave, and 7/8 wave), for a total of 216 measured Stokes vectors.  

Although only 72 of these Stokes vectors are eventually used, all 216 were recorded so 

that the ones yielding highest stability could later be selected as described in Section 8.5.  

Following measurement the Stokes vectors were converted to a more convenient form.  
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First, the product of the S0 component of each vector and the corresponding laser power 

measurement was calculated, giving a “strength factor” for each vector which reflects 

laser intensity fluctuation and variation in system throughput.  All vectors were then 

normalized to the S0 component.  Strength factors and normalized vectors were saved into 

data files. 

 

A validation process was performed to verify that the recorded Stokes vectors are 

reasonable.  Both the vector direction (ellipticity and orientation) and vector magnitude 

(degree of polarization) were examined.  In the first step, the Degree of Polarization 

(DoP) of each measured Stokes vector was calculated per Equation 3.4.  A plot of DoP 

(Figure 8.2) shows variation in the range 89% to 98%, correlated with rotating waveplate 

position.  In the second step, the Stokes vectors were compared to an “ideal” model on 

the Poincaré sphere.  The model was constructed from the ideal Mueller matrices of the 

generator path polarization components.  As the model does not perfectly represent the 

generator path, the model and measured data agree well by not exactly, as shown in 

Figure 8.3. 
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Figure 8.2:  Degree of Polarization of measured generator states. 

 

 

Figure 8.3:  A comparison of measured generator states (blue) and ideal model (red) 

plotted on the Poincaré sphere.  Three different orientations of the sphere are shown.  
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8.4: Analyzer calibration 

The calibration of the analyzer assumes the use of an external Stokes vector generator 

which has been calibrated at 780 nm.  The scan head was mounted on an optical bench so 

that its optic axis was coincident with the optic axis of the external generator.  The 

external generator for this work consisted of a 780 nm source, a fixed linear polarizer, 

and a rotating retarder.  The source assembly was constructed from a 780 nm LED 

[Roithner Lasertechnik, Vienna, Austria], a ground glass diffusor [Edmund Scientific], 

and a 25 mm focal length collimating lens.  The collimated source beam had 5 mW 

power and 15 mm diameter.  A fraction of the beam power was diverted via a 

beamsplitter to a photodiode to monitor power.  Because of the small pinhole in the scan 

head, accurate co-alignment of the optic axes of the GDx-MM and external Stokes vector 

generator was critical.  Acceptable co-alignment was achieved by methodical adjustment 

of the relative height, tip, tilt, and yaw of the two instruments.  Following co-alignment a 

telecentric lens system (described in Section 11.2) was mounted at the GDx-MM external 

pupil.  This lens system allowed uniform scanning by the GDx-MM across the entire 

source beam, producing images with uniform intensity.  The calibration setup for the 

analyzer is shown in Figure 8.4.   
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Figure 8.4: Analyzer calibration setup, showing the scan head and external Stokes 

polarization state generator mounted on an optical bench. 

 

After waiting several hours for the LED to reach steady state, the external Stokes vector 

generator was set to the first state (waveplate horizontal).  A dataset was recorded with 

the rotating waveplate rotating to all 72 positions, and the analyzer LCR retardance held 

fixed.  The external Stokes generator was set in turn to 37 different states (waveplate 

rotated in 5° increments from 0° to 180°), and a dataset was collected for each state.  This 

procedure was repeated for LCR retardances of 3/8 wave, 5/8 wave, and 7/8 wave.  The 

collected data consisted of 111 datasets, each giving 72 images, and each image having 

different uniform intensity.  The center 75% of each image was averaged, giving 111 72-

element intensity vectors.  Over the 111 scans there were a total of 7992 intensity values, 

corresponding to combinations of the 37 external generator vectors, the 72 rotating 
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waveplate positions, and the three LCR retardances.  These 7992 intensities were 

appropriately rearranged into 216 37-element intensity vectors, one for each analyzer 

state. 

 

To extract the analyzer vectors for calibration from these intensity lists, consider that the 

calibration system can be represented as 

 

Ai Sj = Iij ,          (8.1) 

 

where Ai is the analyzer vector each of the i = 216 GDx states, Sj is the 4-element Stokes 

vector for each of the j = 37 input Stokes vectors, and Iij is the measured intensity.   

 

In more convenient matrix form, 

 

Ai S = Ii .          (8.2) 

 

Ai is then calculated as: 

 

Ai = S
-1 

Ii .          (8.3) 

 

However, as S is not square, the pseudoinverse is used: 
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Ai  = (S
T
S)

-1
S

T
 Ii .         (8.4) 

 

Although only 72 of these analyzer Stokes vectors are eventually used, all 216 were 

calculated so that the ones yielding highest stability could later be selected. 

 

As with the generator vectors, the product of the S0 component of each vector and the 

corresponding source power measurement is formed, giving a “strength factor” for each 

vector.  All vectors are normalized to the S0 component.  Strength factors and normalized 

vectors are saved into data files. 

 

Validation of the analyzer calibration was performed in the same way as for the generator 

calibration.  A plot of DoP (Figure 8.5) shows small cyclic variation in the range 93% to 

100%.  For comparison on the Poincaré sphere the analyzer model was constructed from 

ideal Mueller matrices of the analyzer path polarization components.  As the model does 

not perfectly represent the analyzer path, the model and measured data agree well by not 

exactly, as shown in Figure 8.6.  Correspondence is lower than for the generator 

calibration due to drift during the long calibration process, as well as the presence of 

noise and high dynamic range in the collected data images. 
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Figure 8.5:  Degree of Polarization of measured analyzer states. 

 

 

Figure 8.6:  A comparison of measured analyzer states (blue) and ideal model (red) 

plotted on the Poincaré sphere.  Three different orientations of the sphere are shown.  
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8.5: Creation of Calibration Dataset 

The generator and analyzer calibrations produce Stokes vectors, which must be combined 

in pairs to describe polarimeter states.  The number of generator and analyzer states 

calibrated (216 of each) is larger than the number of combined states needed (72).  To 

choose states for the final calibration set, the 216
2
 possible Stokes vector pairs are 

assembled into all possible 72-member collections.  The instrument matrix for each 

collection is calculated, and that matrix having rank 16 and lowest condition number is 

selected.   Stokes vector pairs are restricted by the established timing sequence, 

consisting of i = 4 sequences, each having fixed LCR retardance and j = 18 waveplate 

rotations.  A given sequence of generator LCR retardance gi and analyzer LCR retardance 

ai may be described generally as:  ( (g1,a1),(g2,a2),(g3,a3),(g4,a4) ).  gi and ai are chosen 

from the values (3 /8, 5 /8, 7 /8).  A general expression for W is then 
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Each row of W is given by 

 

wi, j = gi, j ai, j
T  .         (8.6) 

 

Given the number of measured polarization states and the sequence constraints it is 

possible to assemble (3*3)
4 
= 6561 different W ’s.  If the calibration data were ideal (zero 

error), some W ’s would have rank lower than 16, and groups of W ’s would have 

identical condition number.  However, since noise is present, every W has rank 16 

(though some are very nearly lower rank), and there is a continuum of condition numbers.  

All 6561 matrices were assembled, and the one with minimum condition number (of 

15.1) was identified.  The corresponding retardance sequence is ( (7 /8, 5 /8),(7 /8, 

3 /8),(5 /8, 3 /8),(3 /8, 7 /8) ).  The final calibration data consists of this best case set 

of 72 generator and analyzer Stokes vector pairs, as well as the strength data for these 

vectors.  This data is saved into a text file for later use by a separate application which 

converts image stacks to a Mueller matrix image, as described in Chapter 10. 

 

8.6:  Conclusions 

The GDx-MM calibration process involves separate calibration of the generator and 

analyzer sections using an external polarimeter, together with appropriate data processing 

to produce the system instrument matrix.  The high degree of polarization and good 

model fit suggest that the calibration process is accurate and effective.  Calibration was a 

time-consuming task which required a large amount of external equipment and data 
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processing.  The advantage is high calibration accuracy due to the individual 

measurement of each state, and high stability due to the selection of those states giving 

lowest condition number of the instrument matrix.  A disadvantage is the drift in 

polarization state which occurs during the long calibration process, leading to systematic 

error in polarization measurements; this issue is discussed in Chapter 9. 
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CHAPTER 9: ERROR ANALYSIS 

 

9.1: Introduction 

The performance of the GDx-MM in the presence of error sources can be predicted based 

on the theory presented in Chapter 4.  It is advantageous to do so, to gain a knowledge of 

expected performance and verify that the level is acceptable, and to identify the primary 

sources of error and minimize them to the extent possible.  Systematic and random error 

sources are inherent in the polarimeter and also arise due to the calibration process.  In 

this chapter the main error sources based on information presented in Chapters 7 and 8 

are summarized, and a comprehensive error analysis is performed to estimate the mean 

and standard deviation error predicted to be present in GDx-MM measurements and 

reconstructions of sample polarization properties. 

 

9.2: Polarimeter-based error sources 

The GDx-MM polarimeter error sources can be divided into two groups:  those that 

contribute a systematic error (mean error), and those that contribute a zero-mean error 

distribution (SD error).  Tables 9.1 summarizes the three main systematic error sources: 

LCR retardance drift, incorrect waveplate start position, and detector noise.  The bound 

for LCR retardance drift with temperature is based on the manufacturer specification of 

2.5% drift over ± 5°C.  The rotating waveplate start position uncertainty is due to the use 

of an inconsistent motor “home” position sensor; this error is 1 motor step, or about    

0.04 rad.  As the principal noise component of the APD detector is Poisson distributed, it 

has equal systematic and zero mean error components.  For a typical signal to noise ratio 
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of 20:1, the bound on error is 0.05.  For the error analysis which follows only the positive 

range of these errors is considered for simplicity.  The calculations of error range 

presented here should be considered as due to a positive error; a negative error would 

give an error range with opposite sign.  

 

Table 9.1: Systematic error sources 

Error Bound on mean error 

LCR retardance drift with temperature ± 0.1 rad 

Rotating waveplate motor start position ± 0.04 rad 

APD detector noise as a percentage of signal ± 0.05 

 

 

Table 9.2 summarizes the two main zero-mean error sources: waveplate orientation 

uncertainty and detector noise.  The bound for uncertainty in rotating waveplate 

rotational movement is based on the manufacturer specification of 5% per step, or 0.002 

rad in the GDx-MM configuration.  The detector noise is the same as for systematic error. 

 

Table 9.2: Zero mean random error sources 

Error Bound on SD error 

Rotating waveplate incremental position ± 0.002 rad 

APD detector noise as a percentage of signal ± 0.05 
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To calculate the expected error, the GDx-MM configuration selected in the calibration 

process was modeled using ideal polarization components, and an instrument matrix was 

assembled.  This matrix has four variables subject to error:  generator LCR retardance; 

analyzer LCR retardance; rotating waveplate starting orientation; and rotating waveplate 

angular increment.  Given these variables the W matrix was assembled per Equation 

4.17, and given the detector noise the P vector was assembled per Equation 4.18.  

Finally, the sample error Mueller matrix M was calculated per Equation 4.19.  The mean 

and SD matrices Mm and MSD, which represent the sample matrices which would be 

reconstructed by the GDx-MM in the presence of (respectively) systematic and zero 

mean error sources, were calculated as 

 

Mm = M + M  ,   MSD = M + SD M[ ]  .    (9.1) 

 

To calculate numeric values for Mm and MSD, the error bounds given in Tables 9.1 and 9.2 

were used in the error terms, and a few different sample matrices M (as described below) 

were selected to give an idea of performance in various situations.  Finally, polarization 

parameters were extracted from Mm and MSD  and compared to the ideal values which 

would be extracted from M in the case of zero error.  This gives the predicted worst case 

error in calculating polarization parameters of interest. 

 

It is important to appropriately interpret the results of the error analysis.  In the case of 

systematic error sources, the bounds presented in Table 9.1 represent the worst case error 
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which might be expected for each source, and so the error analysis calculates the worst 

case error in Mueller matrix reconstruction.  The actual error in reconstruction will lie 

somewhere between zero and this worst case error, and thus on average will be 

significantly smaller than the calculated worst case error.  In the case of zero mean error 

sources, the bounds presented in Table 9.2 represent standard deviations which might be 

expected for each source, and so the error analysis calculates a corresponding standard 

deviation in the Mueller matrix reconstruction.  The actual error in reconstruction will be 

distributed according to this calculated standard deviation. 

 

9.3: Simulation results  

Six polarization targets were selected for the error analysis: 

1. An ideal polarizer rotating from 0° - 90° in 15° steps 

2. An ideal quarter wave plate rotating from 0° - 90° in 15° steps 

3. An ideal half wave plate rotating from 0° - 90° in 15° steps 

4. An ideal variable retarder oriented at 60° and retardance varying from 1/32 to 

   12/32 waves in 1/32 wave steps 

 

5. An ideal depolarizer 

6. Air 

 

These targets were selected to illustrate the reconstruction error for a wide range of 

polarization parameters, and because they are commonly available for use in validation 

testing as described in Chapter 11.  Figure 9.1 shows the error analysis in the presence of 

all error sources.  In these graphs, solid lines are mean values of polarization parameters 
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calculated from the reconstructed Mueller matrix (i.e. the worst case error due to 

systematic error sources), and error bars are SD values (i.e. standard deviation due to zero 

mean error sources).  Light red and blue lines show parameter values in the presence of 

error, and dark red and blue lines show the parameter values in the absence of error.  In a 

typical usage the error will lie between the dark and light lines.  

 

Error analysis results for mean error are summarized in Table 9.3.  The largest mean error 

is encountered in measurement of diattenuation magnitude of a linear polarizer and 

retardance magnitude of a half wave plate.  These errors vary nonlinearly with 

component orientation.  Somewhat smaller mean errors are encountered in measurement 

of diattenuation orientation and retardance orientation; these errors are independent of 

orientation.   Little mean error is seen in retardance magnitude over 1/32 wave to 12/32 

wave, the range encountered in ocular measurement.  

 

Table 9.3: Worst case systematic error in polarization parameters 

Parameter Mean error range 

Diattenuation orientation (over the range 0° - 90°) -4.5° to +0.8° 

Diattenuation magnitude (nominally 1) -0.19 to -0.02 

Retardance orientation (over the range 0° - 90°) -3.6° to -5.5° 

Retardance magnitude (over the range 1/32 – 12/32 wave) -0.08 to +0.04 rad 

Depolarization index (nominally 0) 0 to +0.14 
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Error analysis results for zero mean error are summarized in Table 9.4.  The largest 

standard deviation errors are seen for the half wave plate, both in retardance magnitude 

and orientation.  Diattenuation magnitude and retardance magnitude also have 

measurable SD, but the SD for diattenuation orientation and retardance orientation is 

negligible. 

 

Table 9.4: Standard deviation error in polarization parameters 

Parameter Bound on SD error 

Diattenuation orientation (over the range 0° - 90°) ± 1° 

Diattenuation magnitude (nominally 1) ± 0.1 

Retardance orientation (over the range 0° - 90°) ± 0.6° 

Retardance magnitude (over the range 1/32 – 12/32 wave) ± 0.08 rad 

Depolarization index (nominally 0) ± 0.1 

 

In the worst case (all error sources at their maximum limits), the GDx-MM is predicted to 

have lowest accuracy in the measurement of diattenuation magnitude (about -0.27 worst 

case) and depolarization index (about 0.22 worst case); and somewhat better accuracy in 

the measurement of diattenuation orientation (about -5.7° worst case).  Polarimeter 

accuracy is poor when retardance approaches a half wave, but the accuracy over the 

expected ocular retardance range of 1/32 – 12/32 wave is acceptable for retardance 

orientation (about -4.8° worst case) and retardance magnitude (about 0.16 rad worst 

case).   
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(a) (b) 

 

  
(c)      (d) 

 

 

Figure 9.1: Effect of polarimeter error sources on reconstruction of the sample Mueller 

matrix and extracted polarization parameters.   (a):  target #1, rotating linear polarizer; 

(b): target #2, rotating quarter wave plate; (c): target #3, rotating half wave plate; (d): 

target #4, variable retardance wave plate oriented at 60° 
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Figure 9.2 shows error analysis results for each systematic error source individually, for 

the rotating linear polarizer and rotating quarter wave plate targets.  Constant offsets in 

diattenuation orientation, retardance magnitude, and retardance orientation are seen as a 

result of error in waveplate start position.  Error in diattenuation magintude is due to LCR 

retardance drift.  A mean offset in measured intensity due to detector noise gives a fixed 

offset in many of the polarization parameters.  Error in waveplate start position leads to 

higher error in a larger number of polarization parameters, as compared to LCR 

retardance error or detector noise.  Examination of this data shows that greatest 

improvement in polarimeter performance could be obtained by use of a more accurate 

motor homing mechanism and by compensation for LCR retardance drift with 

temperature.  
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   (a)      (b) 

  
   (c)      (d) 

  
   (e)      (f) 

 

Figure 9.2:  Individual error source contributions to the error in reconstruction, for target 

#1 rotating linear polarizer and target #3 rotating quarter wave plate.  (a) and (b): error 

due to motor start position; (c) and (d): error due to temperature dependence of LCR 

retardance; (e) and (f): error due to detector noise 
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9.4: Calibration Error 

During the calibration process, polarimeter-based systematic and zero-mean errors as 

well as calibration-based errors are present.  Calibration-based errors arise due to a drift 

in instrument polarization state across the many datasets recorded over the long 

calibration time of several hours.  These errors give differences between the instrument 

matrix based on the calibration dataset and the true configuration at each use, and can be 

particularly damaging as they couple directly into every measurement.  Though great care 

was taken to minimize error during calibration, it is important to understand the types of 

error that were present and their potential effects.  In this section calibration error sources 

are classified, their magnitude is bounded, and their effect on subsequent measurements 

is discussed. 

 

Calibration errors may be separated into three classes.  The first is “systematic”, in which 

properties of the polarimeter polarization components during calibration are different 

than in use.  An example would be use of the polarimeter at a temperature different from 

that at calibration, giving a systematic change in LCR retardance.  The second class is 

“random”, in which error is due to zero mean error sources in the system such as 

uncertainty in waveplate rotational increment.  The third class is “drift”, in which 

polarimeter properties drift during the course of the calibration process. 

 

Systematic and random calibration error sources are the same as listed in Tables 9.1 and 

9.2, and are evaluated as in Section 9.2.  These error sources are discussed again here 
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because it is important to view them in terms of a calibration framework.  For example, 

the error introduced due to LCR retardance drift may be significant if the temperature at 

calibration is different from the typical temperature during human subject use.  In 

addition, the motor start position and rotational increment may vary over the many 

datasets collected during the calibration process.  If for example the start position is 

incorrect for one or more calibration datasets, the mean error for all uses of the 

instrument will be consistently high.  Random variations due to the zero mean noise 

sources have a similar effect, i.e. their presence couples into the fixed calibration set and 

presents an offset to the measured data, leading to higher overall error. 

 

Drift type error sources have a more insidious effect on the calibration, as they are added 

into the calibration dataset in different amounts depending on the point in time when a 

particular calibration measurement is done.  The main sources of drift are listed in Table 

9.5, where a maximum temperature variation during calibration of ± 0.5°C is assumed. 

 

 

Table 9.5:  Drift type error sources during the duration of calibration 

Drift type error Bound 

LCR retardance drift (temperature) ± 0.01 radians 

Detector gain drift (temperature) ± 2% 

Laser power drift (temperature) ± 0.5% 
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Unlike the systematic and random noise sources associated with calibration, it is possible 

to minimize the magnitude of drift type sources by taking extra care to maintain stable 

conditions throughout the calibration process.  To stabilize temperature and associated 

effects, the instrument and calibration equipment were warmed up overnight with the 

room temperature maintained as constant as possible.  Calibration was performed in a 

large open room to reduce localized buildup of heat from the equipment.  Monitoring 

during calibration indicated that the temperature varied between 77.2°F and 78.3°F, 

giving a small 0.25% change in LCR retardance.  The temperature at calibration is most 

likely higher than the temperature encountered in a physician’s office, but is the best 

which could be achieved given the limited ability to control temperature in the room.  

The laser power varied by less than 0.5% during calibration.  The drift in detector gain is 

substantial even for very small temperature change, and so the analyzer calibration set 

was recorded as quickly as possible to minimize error due to this effect.  Analyzer data is 

recorded in a different sequence than in typical GDx-MM operation to allow a large 

amount of data to be acquired in the minimum amount of time.  Data is collected for 

many rotating waveplate positions at each polarimeter setting (during which time the 

detector has nearly constant gain), but when constructing the instrument matrix the data is 

reassembled in terms of multiple polarimeter settings for each waveplate position (during 

which time the detector has drifted considerably).  As there is no external method of 

monitoring the detector gain, it is not possible extract this error from the data. 
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As drift type errors are spread unevenly throughout the calibration dataset, it is difficult 

to estimate their effect on later measurement of a sample.  The effect of LCR retardance 

drift should have a form similar to Figure 9.2, but lesser magnitude since the temperature 

variation during calibration is a factor of 10 smaller.  The effect of detector gain drift is 

more difficult to predict.  Graphs of analyzer calibration intensity profile comparing 

model calculation to measured data (Figure 9.3), show that there are discontinuities in the 

measured data (on the order of a few percent) which are due principally to detector gain 

drift.  The error in reconstruction of M due to detector drift is probably also a few 

percent.  

 

 

 
   (a)      (b) 

 

Figure 9.3:  Evidence of detector gain drift in the calibration dataset.  (a): theoretical 

model prediction of measured intensity profiles across the first 36 polarimeter states for 

different settings of the external polarization state generator.  (b): actual measured 

intensity showing discontinuities due mostly to temperature-induced drift in the detector 

gain. 
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To assess polarimeter state drift over time, the GDx-MM was set to a fixed state and the 

output Stokes vector was measured several times over a period of one hour by an external 

Stokes polarimeter.  The trajectory on the Poincaré sphere is shown in Figure 9.4, and 

demonstrates that the polarization state of the system drifts measurably, on the order of a 

few percent. 

 

 

Figure 9.4: Drift in output Stokes vector over one hour, plotted on the Poincaré sphere. 

Progression is from red at t = 0 to blue at t = 1 hour. 

 

Finally, it must be mentioned that the Stokes polarimeter and Stokes vector generator 

utilized to perform the calibration are imperfect, and so introduce further inaccuracy into 

the calibration.  As these systems have high quality components and see frequent use in a 

polarimetry laboratory, it is reasonable to assume that the error introduced is of the same 

order as or less than that of the GDx-MM polarimeter itself.  No attempt has been made 

to analyze the error contributed by these instruments.   
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Assuming conditions (temperature, motor positioning) are similar between calibration 

and use, the largest contribution to error from the calibration process is drift of system 

properties, which may introduce error of up several percent.  If conditions are not the 

same between calibration and use, additional error is introduced with bounds as given in 

Tables 9.3 and 9.4.  It would be possible to reduce the error due to temperature variation 

by calibrating at several temperatures, or by measuring the LCR temperature profiles and 

calculating an adjustment to the instrument matrix as described in Chpater 4.  As the 

accuracy of the GDx-MM was judged to be acceptable for proof of concept, these more 

complicated techniques were not pursued. 

 

9.5: Conclusions 

The major error sources in the GDx-MM polarimeter are:  uncertainty in rotating 

waveplate motor position; LCR retardance drift with temperature; and detector noise.  

Given these errors, the worst case polarimetry measurement error is predicted to be on 

the order of 10%.  When calibration errors are present the typical error seen will be closer 

to the high end of this error bound.  While the worst case error is larger than desired, 

typical performance is expected to be better.  In any case this level of error is judged to 

be acceptable for this proof of concept instrument.  The main sources of error, in 

particular the waveplate motor drive and LCRs, could be mitigated or eliminated by 

improved design in a future version of the instrument. 
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CHAPTER 10: USE MODEL AND DATA PROCESSING 

 

10.1: Introduction 

There are many steps between collection of a raw dataset and presentation of polarization 

parameter images.  Although these steps would ideally be automated, for this proof of 

concept instrument manual post-processing was done using a variety of specialized 

software applications.  In this chapter the entire process is described, including data 

collection with a human subject, assembling the raw data into an image set, collapsing the 

image set into a Mueller matrix through use of calibration data, and extraction and 

presentation of polarization parameters images. 

 

10.2: Use with human subjects 

To understand the data reduction process it is helpful to understand how raw retinal 

polarization data is obtained.  The GDx-MM consists of the original GDx (a wheeled cart 

holding scan head with chin and forehead rest, a computer “GDx computer”, monitor, 

keyboard, and mouse), plus an additional wheeled cart holding an electronics box and 

another computer “DAQ computer”.  Use of the instrument is by a trained operator in a 

manner similar to that used for the original GDx.  The operator runs the original GDx 

control application on “GDx computer” as well as the GDx-MM control application on 

“DAQ computer”.  A KVM box is used for convenience to switch the monitor, keyboard, 

and mouse between the two computers.   The human subject places his or her chin on the 

chin rest.  The operator turns on the scan head and positions it approximately in line with 

the subject’s eye.  A ring light is centered and focused on the subject’s cornea to establish 
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coarse placement of the scan head.  The subject is then requested to look at the red scan 

pattern, adjusting head position until it seems as bright as possible (Figure 10.1).  There 

should now be a vascular pattern visible in the front LCD panel.  The operator adjusts the 

focus knob to bring this pattern to good focus.  Better focus is obtained with assistance 

from the subject in cases where he or she is able to distinctly resolve the the scan pattern 

and provide feedback to the operator.  The LCD image is fine tuned by moving the scan 

head slightly to optimize alignment with the subject’s pupil, thus minimizing vignetting 

by the pupil.  The subject may be asked to shift his or her center of vision to various 

portions of the scan pattern to image different regions of the retina.  Once alignment is 

considered optimal, the operator presses the Start button, and the GDx-MM acquires data 

over the next four seconds.  During this time the subject must keep their visual focus as 

constant as possible and attempt to refrain from blinking and head movements. 

 

   

 

Figure 10.1:  Use of the GDx-MM by an operator, and correct positioning of the subject 

on the chin rest. 
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Immediately following the capture of data an overlay of the first 20 recorded images is 

available for viewing on the “GDx computer” display.  This overlay indicates data 

quality, in terms of brightness, focus, centering, and eye movement, assisting the operator 

to determine whether the dataset is acceptable or should be repeated.  A Labview 

application may also be run to display average dataset intensity as a quality metric.  An 

average intensity in counts of 300-400 (on a scale of 1-1024) is optimal (neither dark nor 

saturated), although 200-300 and 400-500 are also acceptable. 

  

The Labview software application which runs the GDx-MM is shown in Figure 10.2.  

The front panel allows for modification of many system parameters, but these parameters 

are initialized to their preferred values at startup and are typically not modified by the 

operator.  The application performs system initialization including measuring the 

resonant scanner frequency, setting the timebase to a multiple of this frequency, moving 

the rotating waveplate to its home position, and driving the liquid crystal retarders to their 

first retardance values.  The operator is then prompted for a filename for data storage.  

The software then waits for a press of the Start button to initiate the timing and data 

collection sequence.  When the sequence finishes, the position of the gain knob, the laser 

power, and the ambient temperature are recorded.  The data file contains a header with 

system information and 64 Mbytes of recorded data (32 Mbyte from each of the two 

detectors). 
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Figure 10.2:  Main control panel for the GDx-MM. 

 

10.3: From raw data to image stack 

The 32 Mbyte data stream from the co-polarized detector is reassembled into a stack of 

72 images, one for each polarization state.  Due to the structure of the timing sequence, 

lack of exact lock between scanner and acquisition frequencies, and the need to interleave 

forward and backward scans, this is not a trivial task.  In this section the recipe for 

transforming a single data stream of 16 million 2-byte numbers into a set of 72 two 

dimensional images is presented.  To begin, the following parameters are known from 

timing structure:  size of each image in pixels, approximate length of data stream before 
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first image starts, approximate size of dark region between images in pixels, and which of 

the 107 collected images are discarded to form the final set of 72 (images collected while 

the LCRs are settling are discarded).  Because the scanner frequency is not locked to the 

data acquisition frequency, there are slight variations in parameters between image sets, 

and so parameters are manually determined on an image set by image set basis. 

 

Image stack generation is performed by a custom Labview application (Figure 10.3).  The 

process may be divided into six steps.  In Step 1 (discard initial region), 200 points are 

deleted from the beginning of the stream.  In Step 2 (coarse alignment), the data stream is 

reshaped into 107 individual blocks, each of which contains the data for one image.  In 

each block the front scan is separated out from the back scan, and a fixed number of 

points is removed between images to provide coarse registration.  In Step 3 (fine 

alignment), the back scan is flipped over and skewed by an adjustable angle which is fine 

tuned to give best registration.  In Step 4 (remove images), those images recorded during 

dead time (i.e. motor turning and liquid crystals settling) are removed, leaving 72 images.  

In Step 5 (background subtraction) the mean of the dark band (laser blank time) of each 

image is calculated and subtracted from each pixel.  In Step 6 (region selection) the 

central region of interest (typically 200 x 200 pixels) is selected, and the 72-image stack 

is saved to a file.  
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Figure 10.3:  Labview application for converting raw data stream of 32 Mbytes to an 

image stack of 72 images. 

 

The images in the stack have mutual registration to within ±1/2 pixel over the field of 

view of the instrument.  However, in practical use it is common for eye motion and 

blinking to give misregistration or very low intensity in some images.  A custom Labview 

application addresses these issues to improve the quality of the image stack (Figure 10.4).  

Manual transformations may be applied to any image, including:  translation right/left in 

one pixel increments, translation up/down in one pixel increments, and rotation by a 

variable angle about a variable rotation center.  Resulting misregistration error is ± 1 
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pixel.  Images which are dark due to blinking or overly skewed due to eye movement are 

flagged and do not contribute to the polarization analysis.  Better registration could be 

obtained with a more sophisticated automated algorithm, not developed for this work.  

The effect of misregistration on polarization accuracy is discussed in Chapter 12. 

 

 

 

Figure 10.4: Labview application for registration of the 72 images in the dataset. 
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10.4: From image stack to polarization images 

The instrument matrix derived from the calibration set is used to produce a Mueller 

matrix image from the 72-image stack.  This processing is performed in Mathematica 

[Wolfram Research].  First, any images which have been flagged as unacceptable (for 

example due to patient blinking, excessive eye movement, etc.) are removed from the 

dataset, and the corresponding rows of W are removed.  Then for each pixel the data 

vector is assembled and combined with W to give a Mueller matrix M.  The result is a 

Mueller matrix at each of the 40,000 pixels in a 200 x 200 pixel image.  Each M is 

converted to a physical matrix M´ using the “fast physical” process described in Section 

3.7.  The Frobenius error between each M and M´ is calculated, and all pixels having 

error larger than 0.25 are excluded from further processing.  A Mueller matrix image may 

now be assembled; this image consists of 16 images, each of which shows the per-pixel 

value of one of the 16 elements of the Mueller matrix.  An example is shown in Figure 

10.5.  Insight into polarization properties can be gained by examination of the Mueller 

matrix image as discussed in Section 3.3. 
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Figure 10.5:  Example Mueller matrix image, showing each element of the Mueller 

matrix on a per-pixel basis.  Element m00 shows intensity, and the other elements are 

normalized to m00 and have relative intensity given by the scale at right. 

 

To extract individual polarization parameters each Mueller matrix is decomposed into 

diattenuation, retardance, and depolarization component matrices per the Lu-Chipman 

algorithm.  Polarization properties are then extracted from the appropriate component 

matrix as discussed in Section 3.4.  The end result is a set of polarization parameter 

images which show retinal polarization properties on a per-pixel basis.  An example 

image (for linear retardance) is shown in Figure 10.6.  The full process of converting raw 

data into polarization images is summarized in Figure 10.7. 
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Figure 10.6:  Example polarization parameter image, showing a parameter (here linear 

retardance) on a pixel-by-pixel basis.  Bright red points are regions of excessively high 

error which are masked from data processing. 

 

 

 

 

Figure 10.7: Summary of the process of converting the 72-image stack into a polarization 

parameter image: generating a Mueller matrix at each pixel, finding the closest physical 

Mueller matrix, decomposing the physical Mueller matrix, then extracting the 

polarization property of interest. 
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10.5: Conclusions 

In this chapter the methods for processing raw data into polarization parameter images 

have been reviewed.  This process is straightforward and able to consistently generate 

good quality polarization parameter images.  However, as there are many steps requiring 

manual intervention and a significant amount of computer processing, the entire process 

from collection of the raw data to creation of polarization parameter images is estimated 

to require about 30 minutes per dataset.  With automated software algorithms (in 

particular for image assembly and co-registration) this time could be reduced 

significantly.  
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CHAPTER 11: INSTRUMENT VALIDATION 

 

11.1: Introduction 

As a wide range of errors in the polarimeter and the calibration process affect GDx-MM 

performance, it is important to obtain a measure of accuracy in polarization parameter 

measurement.  A validation process was performed to assess typical accuracy and 

repeatability.  In this process several high quality polarization targets with well known 

properties were measured.  An analysis of the collected data quantified the accuracy and 

repeatability of the instrument in measuring various polarization properties. 

 

11.2: Validation Hardware 

Because the GDx-MM is a scanning instrument which measures back-reflected light, 

there are special considerations in validation design.  Because targets must be measured 

in reflection, a reflective element (mirror) is placed at the retinal plane and transmissive 

test targets are placed between the instrument and the mirror.  In this configuration 

targets are measured double pass.  A lens system (Figure 11.1) provides a telecentric 

scan, allowing specular reflections from the mirror to return along the same path and into 

the collection aperture of the instrument.  Ideally this lens system would cause only 

minimal change to focal point location and spot size at focus.  As the targets to be 

measured are uniform over the extent of the scan pattern these are not strong 

requirements.  A compact lens system using off-the-shelf components was designed, 

consisting of a plano concave lens with -30 mm focal length (Thorlabs LC2679) and an 

achromatic doublet with +30 mm focal length (Thorlabs AC254-30).  With the system 
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placed at the GDx-MM external pupil to prevent translation of the focal point, the 

telecentric scan extent is about 12 mm.  A Code V simulation indicates that this sytem 

performs well except for high field curvature.  Spot size at the retinal plane is about       

40 μm at center scan and 500 μm at edge of scan, considered adequate for measuring 

uniform targets. 

 

 

Figure 11.1: Code V model of the GDx-MM outgoing path including two-lens telecentric 

system, for scanner position giving maximum field of view on the retina. 

 

 

To mount the mirror, targets, and lens system coaxial with the scan head optic axis, a 

validation rail was designed as shown in Figure 11.2.  This rail consists of a 

commercially available dovetail optical rail with several rail carriers and holders for 

optical elements.  A custom bracket mounts the rail directly to the scan head.  The 

validation targets are as follows: 
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1. A Polarcor polarizer (Corning Inc. Corning, NY) in a rotation mount for 

measurement of diattenuation parameters as a function of orientation 

2. A high precision birefringent polymer quarter wave retarder (Meadowlark Optics, 

Frederick, CO) in a rotation mount for measurement of retardance parameters as a 

function of orientation 

3. A liquid crystal variable retarder (Bolder Vision Optik, Boulder, CO) in a fixed 

mount for measurement of retardance parameters as a function of magnitude 

4. A 99% Spectralon reflectance standard (Labsphere, North Sutton, NH) in a fixed 

mount for measurement of depolarization 

 

 

 

 

Figure 11.2:  The validation rail mounted on the scan head.  A: rail mount; B: telecentric 

lens system located at system external pupil; C: polarization target; D: mirror on tip/tilt 

stage. 
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The alignment of the validation rail is as follows.   Lens 1 of the telecentric system is 

positioned at the system external pupil.  Lens 2 is positioned to make the scan as close as 

possible to telecentric.  With the scanners disabled, the laser beam is centered and 

focused on the mirror.  A 0.5 neutral density filter is mounted near the lens system to 

bring the return signal within the dynamic range of the detector.  The scanners are 

enabled, and the mirror is tipped/tilted until normal to the the optic axis as indicated by a 

bright central spot visible on the LCD viewer. 

 

11.3: Validation Measurements 

Each validation target was mounted in turn on the validation rail, and datasets were 

collected using the procedure described in Chapter 10.  The front gain knob was adjusted 

to give an appropriate gain setting (images neither dark nor saturated), and the optical 

components on the rail were tilted slightly as necessary to avoid back-reflections.  The 

following validation measurement sequences were performed: 

 

1. Polarizer: orientations of 0° to 90° in steps of 15° 

2. Quarter wave plate: orientations of 0° to 90° in steps of 15° 

3. Liquid crystal retarder: fixed orientation of 60° and variable retardance of 3/16 to 

12/16 wave in steps of 1/16 wave 

4. Air (all targets and mirror removed): one dataset 

5. Spectralon (all targets and mirror removed): one dataset 

6. Polarizer: 10 identical datasets recorded at orientation of 45° 
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Each of the 72 images in the processed image stack for a given dataset is approximately 

uniform with average intensity dictated by the polarization properties of the target.  A 

20x20 pixel uniform region of each image was selected and averaged to reduce the effect 

of noise.  This process gives a 72-value intensity vector Pmeas for each dataset.  The 

measured sample Mueller matrix Mm was then calculated using Pmeas and the calibrated 

instrument matrix, and converted to a physical matrix M´.  Polarization parameters were 

then extracted from M´.  An ideal intensity vector Pideal was calculated using the ideal 

Mueller matrix M and the calibrated instrument matrix.  Metrics for evaluating 

polarimetry accuracy for each target include:  difference between Pmeas and Pideal; 

Frobenius difference between M and Mm and between Mm and M´; and difference 

between measured and ideal polarization parameters.  The results for each target are 

discussed in the following paragraphs. 

 

Set 1:  Polarizer with variable orientation 

An overview of Pmeas and Pideal for all polarizer orientations is shown in Figure 11.3; the 

15° orientation plot is shown individually in Figure 11.4.  The measured and ideal plots 

are similar, but there are small phase offsets and differences in magnitude.  The 

Frobenius distance between M and Mm was 13% to 17%, and between Mm and M´ was 

3% to 7%.  Diattenuation magnitude (ideally 1), diattenuation orientation (ideally linear 

from 0° to 90°), and depolarization index (ideally 0) are shown as a function of polarizer 

orientation in Figure 11.5.  These figures show -0.05 ± 0.03 error in measurement of 

diattenuation magnitude, a systematic -9.9° ± 0.9° error in measurement of diattenuation 
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orientation, and 0.05 ± 0.03 error in measurement of depolarization index.  Compared to 

the worst case error prediction, diattenuation magnitude and depolarization index error 

are smaller.  Diattenuation orientation error is about twice as large as the maximum 

predicted error.  Given that the error is twice as large as expected, the motor start position 

error was probably two steps rather than one step as assumed in the error analysis. 
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           (a)               (b) 

 

Figure 11.3: Intensity profiles over the 72 polarimeter states for a rotating linear polarizer 

target.  (a):  measured intensity; (b): ideal intensity 

 

 

 
 

Figure 11.4: Comparison of ideal and measured intensity profiles for polarizer target at 

15° orientation.  Error is suspected to be due to incorrect rotating retarder home position. 
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           (a)               (b) 

 

 
          (c) 

 

Figure 11.5: Error in polarization parameters for a rotating linaer polarizer target, as a 

function of polarizer orientation.  (a): diattenuation magnitude; (b): diattenuation 

orientation; (c): depolarization index 
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Set 2: Quarter wave plate with variable orientation 

An overview of Pmeas and Pideal for all waveplate orientations is shown in Figure 11.6; the 

15° orientation plot is shown individually in Figure 11.7.  The measured and ideal plots 

are similar, but there are small phase offsets and differences in magnitude.  The 

Frobenius distance between M and Mm was 12% to 20% and between Mm and M´ was 8% 

to 16%.  Retardance magnitude (ideally 180°), retardance orientation (ideally linear from 

0° to 90°), and depolarization index (ideally 0) are shown as a function of orientation in 

Figure 11.8.  As measurements were double pass, the measured retardance is one half 

wave rather than one quarter wave.  These figures show -0.07 ± 0.05 rad error in 

measurement of retardance magnitude, a systematic -3° ± 2° error in measurement of 

retardance orientation, and a small 0.01 ± 0.01 error in measurement of depolarization 

index.  These results are better than predicted for a half wave plate, and more similar to 

predictions for a quarter wave plate.  The systematic error in orientation is consistent with 

a motor start position error. 
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          (a)              (b) 

 

Figure 11.6: Intensity profiles over the 72 polarimeter states for a rotating quarter wave 

plate target.  (a):  measured intensity; (b): ideal intensity 

 

 

 
 

Figure 11.7: Comparison of ideal and measured intensity profiles for quarter wave plate 

target at 15° orientation 
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           (a)              (b) 

 

 
            (c) 

 

Figure 11.8: Error in polarization parameters for quarter wave plate target as a function of 

wave plate orientation.  (a): retardance magnitude; (b): retardance orientation; (c): 

depolarization index.  Retardance magnitude is one half wave rather than one quarter 

wave due to the measurement being double pass. 

 

 

Set 3: Variable liquid crystal retarder 

The results for this target are qualitatively similar to the quarter wave plate results.  The 

Frobenius distance between M and Mm was 17%, and between Mm and M´ was 8% to 

16%.  Double pass retardance magnitude (ideally linear from 3/8 to 12/8 waves in 1/8 

wave steps), retardance orientation (ideally constant at approximately 60°), and 
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depolarization index (ideally 0) are shown as a function of retardance in Figure 11.9.  

These figures show a 0.09 ± 0.1 rad error in measurement of retardance magnitude, a         

-1° ± 3° error in measurement of retardance orientation, and a small 0.02 ± 0.01 error in 

measurement of depolarization index.  The measured error is lower than predicted by the 

worst case error analysis. 

 

  
            (a)      (b) 

 

 
            (c) 

 

Figure 11.9: Error in polarization parameters for variable wave plate target, as a function 

of waveplate retardance.  (a): retardance magnitude; (b): retardance orientation; (c): 

depolarization index.  Measured retardance is twice the set waveplate retardance due to 

the double pass measurement. 
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Set 4: Air 

The measured intensity for open air should ideally be zero in all 72 images.  However, as 

shown in Figure 11.10, there was a small measured intensity of 11-28 counts (where a 

typical intensity is 300-500 counts), which varies with polarimeter state.   This effect is 

due to coherent normal incidence back-reflections from the optics in the GDx-MM.  

Linearly polarized laser light becomes elliptical on passing through the generator LCR, 

with ellipticity dependent on LCR retardance.  Back-reflections (particularly from the 

telescope lenses) preserve the polarization state and are separated by the polarizing 

beamsplitter to the two detectors according to the ellipticity.  Thus there is a different 

fixed offset in the detectors for each of the liquid crystal settings.  The effect of this error 

is predicted to be small, about 0.05 in depolarization index and 0.03 in diattenuation. 

 

 

Figure 11.10:  Air profile, showing a small variation in intensity due to normal incidence 

back-reflections from the GDx optics (on the order of 10-30 counts, where a typical 

intensity measurement is 300-500 counts). 
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Set 5: Spectralon 

As Spectralon is a highly reflecting and depolarizing target [194] the measured intensity 

should have a constant high value in all 72 images (as Spectralon is not completely 

depolarizing a small intensity variation would be expected).  However, as shown in 

Figure 11.11, there is a significant intensity variation of up to 100 counts (about 20% of 

the signal) which depends on both liquid crystal retardance and waveplate orientation.  

This effect is due to coherent back-reflections from the GDx-MM optical components.  

The effect is more pronounced than with the air measurement as the return light from the 

target generates additional back-reflections.  The error in measurement of depolarization 

index due to this intensity variation is about 0.2, very significant.  No practical method 

was identified to reduce this error, but given its significance methods of reducing or 

eliminating back-reflections should be implemented in a future redesign. 

 

Figure 11.11:  Spectralon profile, showing an up to 20% variation in intensity with 

polarization state.  Variation is due to back-reflections from the GDx optics as well as 

incomplete depolarization by the spectralon. 
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Set 6: Ten identical measurements of polarizer 

For this study, ten identical datasets of a linear polarizer oriented at 45° were collected.  

Prior to each measurement, the scanners were off for a period of three minutes.  A further 

measurement was recorded after the scanners had been operating continuously for 10 

minutes.  As shown in Figure 11.12, the magnitude of the intensity vector changes by 

0.4% to 2.2% from measurement to measurement, but the shape changes little.  This 

suggests that the detector gain drifts significantly between measurements (3 minutes), but 

not significantly during the course of one measurement (4 seconds).  The standard 

deviation over the eleven datasets was: for diattenuation magnitude, 0.02; for 

diattenuation orientation, 0.9°; and for depolarization index, 0.01; indicating that 

repeatability is on the order of 1-2%. 

 

 

Figure 11.12:  Measured intensity profiles over the 72 polarization states for a linear 

polarizer oriented at 45°.  Variability in magnitude is significant, but variation in 

normalized shape is small, giving good repeatability of 1-2%.  
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11.4: Conclusions 

The validation results quantify the accuracy of the GDx-MM in the measurement of 

common polarization parameters, including diattenuation magnitude and orientation, 

retardance magnitude and orientation, and depolarization index.  Based on comparison 

with error analysis predictions, it appears that the most significant errors are a difference 

in motor start position between calibration and use, and to a lesser extent LCR retardance 

variation due to a temperature difference between calibration and use.  The maximum 

depolarization index error of 0.05 is consistent with the error analysis prediction, 

implying that polarization properties must be reasonably consistent across the aperture 

and not affected significantly by (for example) liquid crystal retarder variations and 

polarization effects in the mirror coatings.  The measured accuracy based on validation 

testing is summarized in Table 11.1.  

 

Table 11.1:  Validation measurement results 

Parameter Error analysis worst case 

error prediction 

Validation error 

measurement 

Diattenuation magnitude -0.25 -0.05 ± 0.03 

Diattenuation orientation -6º -9.9º ± 0.9º 

Retardance magnitude 0.15 rad ±0.09 ± 0.1 rad 

Retardance orientation -5º -3º ± 2º 

Depolarization index 0.2 0.05 ± 0.03 
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CHAPTER 12: HUMAN SUBJECT USE AND DATA ANALYSIS 

 

12.1:  Introduction 

To demonstrate the functionality of the GDx-MM, retinal polarization data was collected 

on several normal human subjects.  First, data was collected at the University of Arizona 

in December 2006 over a wide field of view on the retina on both eyes of two subjects. 

After delivery to Indiana University School of Optometry, researchers there under the 

direction of Dr. Ann Elsner collected data in the spring of 2007 on the ONH and macula 

regions of the right eyes of 15 subjects.  The two subjects from the University of Arizona 

are principal researchers on this project and do not require approval to participate.  At 

Indiana University this project has full board approval from the Indiana University 

Bloomington Institutional Review Board, and all subjects received training and provided 

informed consent.  In this chapter the raw data as well as retardance, diattenuation, and 

depolarization images are presented and discussed.  Retardance images require post-

processing to compensate for anterior segment birefringence; several processing methods 

and their relative merits are analyzed.  Error due to noise and misregistration is 

quantified, and its effect on accuracy is discussed.  Linear retardance images are 

compared to images of the same eyes obtained at Indiana University using a Laser 

Diagnostics GDx to illustrate the differences in results.  The characteristics of each 

polarization parameter image are discussed in terms of the relationship to retinal structure 

and the potential value of each parameter image in retinal disease diagnosis.  Of 

particular interest are the retardance images, which may be used to indicate the health of 
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the nerve fiber layer and Henle fiber layer, and the depolarization images, which may be 

used to identify regions of cellular disruption. 

 

12.2: Human subject interface issues 

To properly align and focus the GDx-MM to a subject’s retina the assistance of the 

subject is conducive to obtaining good results.  The best images were obtained when the 

subject adjusted his or her eye position to make the scan pattern appear brightest, and 

adjusted the focus knob to make the scan lines appear sharpest.  The subject’s pupil 

would on occasion vignette part of the beam (often from high sensitivity to 780 nm), 

leading to uneven illumination.  Polarization imaging calculations are not affected if the 

vignetting remains constant throughout the measurement, but the signal to noise ratio is 

lower.  The most persistent problem is saccadic eye movement and blinking during the 

four second measurement.  Such motions affect the polarization computation, but may be 

compensated when not extreme by selective image removal.  Some eye movement was 

seen in every dataset, showing that it is quite difficult to keep one’s eye still for four 

seconds.  A future redesign of the instrument should implement a shorter data collection 

time (under 2 seconds), and provide a more effective method for alignment to the eye.  In 

a few eyes the processed datasets exhibited oval-shaped artifacts with rapidly varying 

intensity as a function of polarization state.  It is conjectured that these artifacts are 

caused by a tear film.  As the underlying retinal polarization was obscured, these datasets 

were not usable.  At this stage of GDx-MM development it is necessary to record several 

datasets of the same subject to obtain one or two that are bright and well focused. 



  280 

The data collected at the University of Arizona shows polarization properties over a large 

retinal region, obtained by superimposing into mosaics several different measurements 

recorded with the subject centering his or her visual field on different regions of the scan 

pattern.  For example, with the scan pattern in the center of the subject’s field of view the 

macula is imaged, and with the scan pattern in the upper left corner of the subject’s field 

of view the optic nerve head is imaged.  It can be somewhat difficult for the subject to 

fixate anywhere but in the center of the pattern, so a small target was often placed on the 

wall behind the operator to help focus the subject’s visual field.  In the end many very 

good datasets were obtained, and many lower quality sets were discarded.  The success 

rate for good quality measurement with a well trained operator and a cooperative subject 

was about 50-75%. 

 

Section 12.3:  From image stacks to Mueller matrix images 

The raw data analyzed in this chapter consists of right eye and left eye data from two 

normal University of Arizona subjects, identified as Subjects A1 and A2, and right eye 

data from 15 Indiana University subjects, identified as Subjects 1-15.  Subject 4 has an 

epiretinal membrane, and subject 14 is hyper-myopic, but otherwise all subjects are 

normal and free of retinal disease.  The subjects are of Caucasian or Asian descent, with 

age in the approimate range 20 to 55 years.  A typical GDx-MM raw data sequence of 72 

images is shown in Figure 12.1 for ONH, and Figure 12.2 for macula.  The presence of 

polarization information is immediately observed from the progression of region-specific 

intensity change.  From the large discontinuities in intensity from image to image the 
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location of the liquid crystal retarder voltage changes are observed to be per the timing 

sequence in four groups of 18 images each.  Within groups of 18 there is a continuum of 

smooth intensity change from image to image.  Groups 1 and 2 (images 1-18 and 19-36) 

are the best balanced in terms of larger variations in intensity and overall high brightness, 

and so these groups are probably most effective in the reconstruction.  Group 3 has 

overall lower intensity, and group 4 has overall lower intensity variation.  This is 

potentially useful information for a future redesign of the system.  A rotating bowtie-

shaped intensity pattern can be seen most clearly in Group 1; this feature will be 

discussed in Section 12.4.  Composite intensity images (i.e. the average of all 72 images) 

for ONH and macula as shown in Figure 12.3 allow visualization of specific features 

such as blood vessels. 
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Figure 12.1:  Raw data sequence for ONH.  Data for Subject 3. 

 

 



  283  

 
 

Figure 12.2:  Raw data sequence for macula.  Data for Subject 3. 
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   (a)      (b) 

 

Figure 12.3:  Mean intensity images  (a): ONH and (b): macula.  Data from Subject 3. 

 

Representative Mueller matrix images (“MM images”) for ONH and macula are shown in 

Figure 12.4.  In these images bright red corresponds to +1, bright blue corresponds to -1, 

and dark colors are near zero.  The first row and column are mostly dark, demonstrating 

that diattenuation and polarizance (respectively) are low but nonzero. The diagonal 

elements are all near +1, showing that depolarization is low.  A bowtie pattern for both 

ONH and macula is clearly visible in the off-diagonal elements in the second through 

fourth rows and columns, demonstrating that there is a radial retardance variation (as 

expected due to fiber orientations) in these areas of the retina.  The bowtie pattern and its 

usage in compensating for anterior segment retardance will be discussed in the next 

section. 
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Figure 12.4: Example Mueller matrix images for Subject 12, showing each element of the 

Mueller matrix on a per-pixel basis.  Element m00 shows gray-scale intensity, and the 

other elements are normalized to m00 and have relative intensity given by the scale at 

right.  (a): ONH; (b): macula. 
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A useful metric for polarization data validity is the Frobenius error when converting from 

measured to physical MM.  Typical Frobenius error images are shown in Figure 12.5, 

where a cutoff value of 0.25 (i.e. 25% difference between measured and physical) has 

been arbitrarily selected to indicate excessive error.  A typical mean error is on the order 

of 0.1.  High error in blood vessel regions occurs for two reasons:  first, the signal to 

noise ratio is low because much of the light is reflected specularly at an angle which is 

outside the collection solid angle; and second, imperfect image registration gives higher 

error at regions of high intensity gradient such as vessel boundaries.  The higher error in 

the central circular regions is due to laser back-reflections inside the instrument from 

optical interfaces near normal incidence.  Higher error along the edges of some images is 

due to image translations in the co-registration process, resulting in some regions which 

lack data from one or more of the 72 images.  In all polarization component images 

presented in this chapter regions of excessive error are bright red, and the values at the 

corresponding pixels are excluded from statistical calculations. 

 

   
          (a)            (b) 

 

Figure 12.5:  Typical Frobenius error images, showing high error (greater than 25%) in 

bright yellow (typically regions of blood vessels and the central back-reflection spot), and 

low error in bright blue. Data from Subject 3.  (a): ONH;  (b): macula.  
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Section 12.4: Anterior segment compensation 

As discussed in Chapter 5 the anterior segment (AS), in particular the cornea, may have 

considerably higher retardance than the retina, and so it is necessary to compensate for 

AS retardance (ASR) in each dataset to obtain accurate retinal retardance images. 

Methods for AS compensation used in the past have included external polarization 

elements to “neutralize” the ASR so that it does not appear in the dataset (GDx [169] and 

GDx-VCC [195]), and mathematical methods to extract the ASR from the dataset after it 

has been collected (GDx-ECC [181]).  Given that ASR is by design incorporated into 

GDx-MM data, and given that a direct measurement of ASR (for example by viewing the 

fourth Purkinje image) is not possible here, it is necessary to estimate the ASR and then 

extract it as a post-processing step.  There are several complicating factors which make 

this process difficult.  The ASR profile depends on two variables, retardance magnitude 

and orientation, which must both be accurately known as errors of only a few percent can 

measurably affect the compensation.  The ASR profile may vary significantly across the 

region of the cornea through which the probing light passes, depending on the size of this 

region and its location on the cornea.  Regions off the central cornea have higher spatial 

retardance variation [65], and there are additional distorting effects due to the the 

inclination and declination of the corneal surface with respect to the probing beam [26].  

The retinal tissue also exhibits structural-based retardance variations which complicate 

ASR estimation.  Two methods have been developed in previous work to estimate ASR, 

though with variable results:  the “bowtie” method, and the “screen” method.  These 

methods are discussed in this section and extended for use with GDx-MM data.  
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The experimental basis for the bowtie method was established by klein Brink and van 

Blokland [26].  They used a Mueller matrix ellipsometer to irradiate retinal fields in an 

annular area around the fovea, taking care that the entry and exit positions at the cornea 

remained unchanged.  A Fourier analysis of the data showed a large invariant corneal 

term, a smaller corneal term varying with direction through the cornea, and a small retinal 

term on the second harmonic.  The retinal term was ascribed to the radial Henle’s fiber 

layer.  This type of analysis to separate the corneal and retinal components of the 

retardance profile was later adapted by Zhou and Weinreb for use with the GDx-VCC 

[78].  Retardation images of a normal macula exhibit a distinct bowtie-shaped pattern (i.e. 

the second harmonic pattern observed by klein Brink and van Blokland), which can be 

modeled as the overlay of the AS as a uniform linear retarder with fixed retardance 

magnitude and fixed axis, and the retinal Henle layer as a uniform linear retarder with 

fixed retardance magnitude and radial slow axis centered on the fovea.  Where the axes of 

the two retarders are aligned, the overall retardance is a maximum equal to the sum of the 

two retardances, and where the axes are orthogonal the overall retardance is a minimum 

equal to the difference between the two retardances.  It is straightforward to model the 

two retarders using Mueller matrices; the calculated retardance magnitude through the 

cascade then exhibits the bowtie pattern.  A sample simulation is shown in Figure 12.6.  

Comparison to a GDx-MM uncompensated retardance image demonstrates that the model 

prediction and measured data are similar. 
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Figure 12.6:  Example of a bowtie model simulation, based on measured parameters from 

Subject 3.  A: The anterior segment has uniform double-pass retardance of 23°, and 

uniform fast axis orientation of -38° (52° ND).  B: The Henle fiber layer has uniform 

double-pass retardance of 12°, and radially symmetric fast axis orientation centered on 

the fovea.  C: The combined retardance profile shows a bowtie pattern in both magnitude 

and orientation.  D: The measured data for Subject 3, showing good agreement with the 

model, particularly for the magnitude plot   

 

Using the bowtie method, the magnitude and orientation of the bowtie lobes are 

determined from the retardance magnitude image.  These values are then used to compute 

ASR magnitude, ASR orientation, and Henle layer retardance magnitude.  The procedure 

used with the GDx-MM data is similar to that described by Zhou and Weinreb [78], and 

is illustrated in Figure 12.7. 
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    (a)    (b)    (c) 

 

Figure 12.7: General bowtie method, using macula linear retardance image from Subject 

3.  (a): Step 1: select a processing region centered on the fovea; the two circles drawn 

delimit this region.  (b): Step 2: plot the retardance profile along several concentric 

circles within the processing region.  (c): Step 3: fit higher order polynomials to the 

profiles, or perform a Fourier analysis. 

 

To analyze the linear retardance image the center of the bowtie pattern is first located by 

visual examination.  Several concentric circles are then drawn around the center point, at 

a continuum of radii in increments of 1 pixel (Figure 12.7a).  The retardance magnitude 

pattern around each circle is plotted, showing the expected minima and maxima (Figure 

12.7b).  The intensity plots are fit to high order polynomials (Figure 12.7c).  These 

polynomial curves are averaged together to give one composite curve, which has a sine-

like form with two maxima Imax, two minima Imin, and a distinct phase max.  Using 

derivatives to find the maxima and minima, the ASR magnitude AS, orientation AS, and 

Henle layer retardance magnitude H are calculated as  

 

AS =
Imax + Imin

2
 ,  AS = max  ,  H =

Imax Imin
2

 .  (12.1) 
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Ambiguitites clearly occur if the bowtie lobes are not regularly spaced at 90°, which is a 

common occurence.  A less noisy method for evaluating the composite curve is with a 

Fourier analysis, in which case AS, AS, and H are given by 

 

AS = F0 +
F2
2

 ,    AS = 2 ,  H = F0
F2
2

 ,   (12.2) 

 

where F0 is the magnitude of the DC component, and F2 and 2 are the magnitude and 

phase of the second harmonic. 

 

The bowtie method gives the desired ASR parameters, but can give variable results 

depending on the quality of the image and the character of the retinal tissue in the macula 

region.  Elsner has observed that the Henle layer is most uniform at a visual angle of 

about 1° to 1.2° radius from the fovea [196].  Beyond this radius there is a spatially 

varying retardance contribution from the ganglion cells of the nerve fiber layer which 

causes asymmetries in the bowtie pattern.  Thus it is advisable with the GDx-MM to 

restrict circle diameter to about 13-16 pixels when performing the bowtie ASR 

calculation.  However, given that this range is narrow the result is sensitive to image 

noise, and may not be usable due to obscuration from the back-reflection spot.  In any 

case the bowtie method is not usable if the bowtie is weak, distorted, or indeterminate 

such as in the presence of retinal neuropathies. 
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The screen method is an alternative method to estimate ASR which does not require the 

presence of a bowtie pattern.  This method was first suggested by Knighton and Huang 

[183] for use with the GDx, and is currently implemented in the GDx-VCC instrument as 

an alternative to the bowtie method when the bowtie pattern is weak or indeterminate.  

The basis of the method is that the retinal retardance magnitude in the macula region is 

sufficiently lower than that of the AS, so that AS and AS may be approximately given by 

simple averages over some portion of the macula-region retardance magnitude and 

orientation images.  Knighton and Huang averaged over a large portion of the macula 

image (i.e. nearly 15°), masking only the central back-reflection spot, a narrow slice at 

the edges, and any saturated pixels.  Since the averaging area is large the effect of noise is 

considerably reduced as compared to the bowtie method.  However, this large averaging 

area contains significant retardance variability due to the nerve fiber layer.  Higher 

accuracy might be obtained by averaging over a region within a 1.2° radius of the fovea; 

however this method would have higher sensitivity to noise.  In this work, estimations of 

AS and AS were obtained for each macula dataset using four methods:  

 

1. Bowtie:  bowtie method with circle radii chosen to encompass the most distinct  

      region of the bowtie  

 

2. Fovea Bowtie:  bowtie method with circle radii in the range 1° to 1.2° 

3. Full Screen:  screen method using the full image excluding high Frobenius error  

      points 

 

4. Fovea Screen:  screen method using a square 1° x 1° square region centered on the  

      fovea   

 



  293 

A comparison of the results obtained with these methods for six of the 15 datasets is 

shown in Table 12.1. 

 

Table 12.1: Comparison of results for AS compensation methods 

Method Subject 1 

AS      AS 

Subject 3 

AS      AS 

Subject 4 

AS      AS 

Subject 7 

AS      AS 

Subject 8 

AS      AS 

Subject12 

AS      AS 

 

Bowtie 

 

30.1  81.9 23.3  -38.3 60.3  -63.0 43.4  -58.8 33.1  -60.1 25.9  -19.3 

Fovea 

Bowtie 

27.4  79.6 21.3  -38.2 63.0  -44.0 36.4  -42.1 32.6  -61.4 23.1  -21.6 

Full 

Screen 

25.2  73.0 21.0  -43.5 58.6  -61.4 47.3  -61.4 36.3  -57.9 18.8  -24.8 

Fovea 

Screen 

18.1  73.0 20.4  -40.0 64.0  -66.9 28.1  -25.9 35.0  -70.9 18.8  -19.5 

 

The results for the different methods are usually similar, typically within approximately 

5°.  However, when the image is noisy and/or the bowtie is somewhat indeterminate near 

the fovea, the “Fovea bowtie” and “Fovea screen” methods produce substantially 

different values.  Each of the four ASR estimates obtained for each dataset was used to 

generate an ASR compensated dataset, and the appearance of the retardance images from 

these datasets dictated which estimate was finally selected.  These processes are 

described in the following paragraphs.   

 

To extract AS and AS from the dataset, each Mueller matrix in the composite MM image 

is first decomposed into diattenuation, retardance, and depolarization matrices using the 

Lu-Chipman algorithm [129]: 
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M = MdepMretMdiatt  .         (12.3) 

 

New retardance matrices M ret are then constructed from the original retardance matrices 

Mret as 

 

 M ret = LR AS

2
, AS

 

  
 

  

 

 
 

 

 
 

1

Mret LR AS

2
, AS

 

  
 

  

 

 
 

 

 
 

1

 ,     (12.4) 

 

where LR[ , ] indiates a linear retarder with retardance  and orientation .  Finally each 

Mueller matrix is reassembled from the new retardance matrix and the original 

diattenuation and depolarization matrices as 

 

 M = Mdep  M ret Mdiatt  .         (12.5) 

 

The composite MM image assembled from the M  matrices is the full retinal polarization 

image with ASR extracted. 

 

The criterion for choice of ASR estimate (among the four available) is that the 

compensated linear retardance image should have a residual pattern within a 1.5° radius 

of the fovea that is as circularly symmetric (i.e. “donut-like”) as possible.  A comparison 

of compensated retinal retardance images using the various estimates shows that even a 
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few percent difference in AS and AS affects the compensation measurably (Figure 12.8). 

For most datasets the most symmetric pattern was obtained using the Fovea Screen 

estimate, though where the fovea region was noisy or obscured by the central back-

reflection spot the Full Screen estimate provided better results.  For some datasets no 

methods provided an acceptable result; in this case the Full Screen estimate was used as a 

starting point and AS and AS were varied within ± 8° to identify the most symmetric 

pattern (Figure 12.9).  The final values of AS and AS for the 15 datasets from Indiana 

University were obtained as follows:  Fovea Screen:  9 datasets;  Full Screen: 2 datasets;  

Bowtie: 1 dataset;  further variation with Full Screen starting point:  3 datasets.  The 

compensated images showed clear donut patterns in 3 datasets, were at least reasonably 

circularly symmetric in 9 datasets, and were not very symmetric in 3 datasets.  AS ranged 

from 12° to 64°, and AS ranged from -17° NU to 88° ND.  The wide variety of AS 

compensation results among these 15 normal patients clearly illustrates the difficulty in 

obtaining a reliable, accurate method for AS compensation. 
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               (a) 

 

               (b) 

Figure 12.8:  Various methods for anterior segment compensation, demonstrating 

significant differences in compensation results.  Images from left to right are: no 

compensation, Bowtie method, Fovea Bowtie method, Full Screen method, and Fovea 

Screen method.  (a): Subject 12.  (b):  Subject 8. 
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Figure 12.9: Varying AS and AS within ± 8° of the values found using the screen method 

demonstrates the wide range of compensation obtained.  Data for Subject 4. 
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12.5: Image Gradients and Noise Analysis 

As the intensity vector for each pixel is determined across many images, random noise 

between adjacent pixels and/or misregistration error from image to image will decrease 

the accuracy.  To determine the level of random noise in the datasets, an analysis process 

was performed on Spectralon and macula datasets as shown in Figure 12.10.  First, 

reasonably uniform 30 x 30 pixel subregions of the image were selected.  Histograms of 

the intensity distribution in these regions were then calculated.  Each subregion was then 

translated to the right or upwards and subtracted from the original image,.  Histograms of 

the intensity ratio of subtracted images to original images were then calculated.  

      

 (a)      (b)    (c) 

      

 (d)      (e)    (f) 

Figure 12.10: Random noise analysis method for Spectralon (top row) and macula 

(bottom row).  (a), (d) : original image showing subregion for analysis in red box; (b), 

(e): subregion of image; (c), (f): histogram of percent change in pixel intensity with 

vertical shift. 
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As seen in the intensity histogram, the measured intensity in counts is roughly equivalent 

for Spectralon and macula.  The noise ratio, defined as the ratio of the image mean to the 

standard deviation, is 13 for Spectralon and 6 for macula.  The retinal image is clearly 

noisier than the Spectralon image.  This is seen most clearly in the shifted image 

histogram, where for Spectralon most pixels are less than 10% different from their 

neighbors, but for the macula a substantial number of pixels are more than 10% different 

and many are 10% to 40% different.  Noisy variation is probably due to low signal level 

and the presence of laser speckle reflected from the target.  For the macula, noise is also 

due to variation in the underlying tissue.  

 

To estimate the effect of the observed noise on accuracy, the error analysis techniques 

described in Chapter 9 were employed.  First a Mueller matrix eye model was assembled 

based on typical measured polarization parameters from GDx-MM data.  The model 

consists of a cascade of an ideal depolarizer with depolarization index of 0.25; an ideal 

linear retarder with retardance magnitude of 30° and orientation of 15°; and an ideal 

diattenuator with diattenuation magnitude of 0.08.  An error analysis was performed 

assuming errors from Tables 9.1 and 9.2, but with detector noise error increased to 0.3.   

The following errors are predicted: 

1. Diattenuation magnitude: 0.02 ± 0.1 

2. Diattenuation orientation: 5° ± 19° 

3. Linear retardance:  1.2° ± 1.7° 

4. Retardance orientation:  6.3° ± 1.7° 

5. Depolarization index: 0.17 ± 0.08 
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To evaluate the effect of noise on polarization parameters directly, relatively uniform 

regions of macula region polarization parameter images were evaluated.  Within these 

subregions diattenuation magnitude had standard deviation of 0.04; linear retardance had 

standard deviation of 7°; and depolarization index had standard deviation of 0.07 (no 

uniform subregions could be identified in the orientation plots).  This suggests that the 

level of noise present in GDx-MM images measurably limits the accuracy. 

 

Misregistration error for the datasets using the manual registration process is ± 1 pixel.  

To gauge the effect of this error on polarimetry accuracy, a sub-pixel registration process 

was performed on one ONH dataset and one macula dataset by Steve Burns at Indiana 

University.  In this process the co- and cross- polarized images are averaged together to 

decrease the dynamic range.  Six 10x10 pixel subregions of the image are manully 

selected (in particular regions with distinct features such as bifurcated vessels), and an 

automated cross-correlation algorithm calculates optimal translation for each image.  

Accuracy is estimated at about  pixel.  Figure 12.11 shows a comparison of Frobenius 

error and linear retardance plots for the two registration methods.  To quantify 

polarization parameter variability, the ratio of mean to standard deviation was calculated 

for both methods as: for linear retardance, 7.2 manual (7.4 automated); for diattenuation 

magnitude, 2.5 manual (2.6 automated); and for depolarization index, 4.4 manual (5.5 

automated).  Subpixel registration provided slightly better results overall, with 

particularly noticeable improvement at vessel walls where the intensity gradient is 

highest. 
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      (a)      (b) 

 

 
      (c)      (d) 

 

Figure 12.11: Comparison of images for different registration methods.  (a): Frobenius 

error, manual method; (b): Frobenius error, automated method; (c): Linear retardance, 

manual method; (d): Linear retardance, automated method.  The automated method 

shows particular improvement at vessel walls. 
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12.6:  Results for Indiana University subjects 

A representative subset of the collected data is presented in the following figures: 

1. Linear retardance plot for six ONHs and maculas (Figure 12.12) 

2. Retardance orientation plot for six ONHs and maculas (Figure 12.13) 

3. Diattenuation magnitude plot for six ONHs and maculas (Figure 12.14) 

4. Diattenuation orientation plot for six ONHs and maculas (Figure 12.15) 

5. Depolarization index plot for six ONHs and maculas (Figure 12.16) 
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             (a) 

 

 

 

 
              (b) 

 

Figure 12.12:  Linear Retardance plots for subjects 1, 3, 7, 8, 11, and 12.   Bright red 

points indicate high error.  (a):  macula region.  (b): optic nerve head.   
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              (a) 

 

 

 

 
              (b) 

 

Figure 12.13:  Retardance Orientation plots for subjects 1, 3, 7, 8, 11, and 12.  (a):  

macula region.  (b): optic nerve head.   
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              (a) 

 

 

 

 
              (b) 

 

Figure 12.14:  Diattenuation Magnitude plots for subjects 1, 3, 7, 8, 11, and 12.  Bright 

red points indicate high error.  (a):  macula region.  (b): optic nerve head.   
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             (a) 

 

 

 

 
             (b) 

 

Figure 12.15:  Diattenuation Orientation plots for subjects 1, 3, 7, 8, 11, and 12.   (a):  

macula region.  (b): optic nerve head.   
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              (a) 

 

 

 

 
              (b) 

 

Figure 12.16:  Depolarization Index plots for subjects 1, 3, 7, 8, 11, and 12.  Bright red 

points indicate high error.  (a):  macula region.  (b): optic nerve head.   
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Table 12.2 summarizes statistical calculations of linear retardance, retardance orientation, 

diattenuation magnitude, and depolarization index across the 15 subjects.   To construct 

this table the mean and standard deviation of each polarization parameter was calculated 

for each subject over the entire image (excluding high Frobenius error points), giving 15 

”image mean” and “image standard deviation” values for each parameter.  The minimum 

value of the image mean, the maximum value of the image mean, the mean value of the 

image mean, and the mean value of the image standard deviation are presented. 

 

Table 12.2:  Statistical polarization parameter values for Indiana University subjects.  

Parameter Minimum Maximum Mean, SD 

ONH mean linear retardance 23.3º 34.9º 28.4º +/- 15.5º 

Macula mean linear retardance 9.2º 21.1º 17.3º +/- 9.4º 

ONH mean diattenuation magnitude 0.07 0.11 0.09 +/- 0.05 

Macula mean diattenuation magnitude 0.07 0.10 0.08 +/- 0.05 

ONH mean depolarization index 0.21 0.29 0.25 +/- 0.07 

Macula mean depolarization index 0.21 0.32 0.25 +/- 0.07 

 

 

12.7: Discussion of results 

Macula region linear retardance plots demonstrate the range of residual patterns observed 

after AS compensation.  Some plots exhibit clear donut shapes surrounding the fovea, 

while others are less symmetric.  Asymmetries beyond an approximately 10-20 pixel 
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radius of the fovea are to be expected due to nerve fiber layer variations.  The retardance 

magnitude of approximately 17° is comparable to the results of other researchers [26].  

ONH linear retardance plots show significant asymmetric variation.  Retardance 

magnitude highest in superior and inferior locations and lowest in nasal and temporal 

regions, as expected due to thickness variation of the retinal nerve fiber layer.  As AS 

compensation is not perfect these images represent a blend of AS and retinal retardance; 

however, as AS retardance is approximately constant across the field of view virtually all 

variation is due to the retina.  The mean linear retardance averaged over the 15 subjects 

was 30° ± 5°, and the variation around the ONH was in the approximate range 10° to 60°, 

consistent with previously published results (mean retardance of 33° ± 3°, variation from 

10° to 50°) [37].   

 

In the retardance orientation images the fast axis orientation is horizontal at 12 o’clock 

and 6 o’clock, and vertical at 3 o’clock and 9 o’clock, with smooth variation in between.  

This indicates that the fast axis exhibits circular symmetry about a center point (the fovea 

or the ONH).  The slow axis is therefore radially symmetric about this center point, as 

would be expected given the radial orientation of the retinal fibers in these areas.  The 

“pinwheel” patterns in the macula region are consistently well defined and symmetric 

over the 15 datasets, but those about the ONH are less symmetric, probably due to 

irregular fiber orientation. 
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The depolarization index images show weak features with mean value of approximately 

25% (degree of polarization of 75%).  Higher depolarization of up to 40% is seen 

particularly in annular regions around the ONH and in localized regions near the macula.   

Depolarization along major blood vessels is higher than in surrounding regions; this may 

be due to higher scattering from vessels, but may also be a result of lower accuracy due to 

the lower signal to noise ratio.  These results are in agreement with measurements by van 

Blokland and Norren (80%-90%) [74] and Bueno (67% - 92%) [31].   Localized higher 

depolarization in the macula has also been observed by Elsner [197]. 

 

The diattenuation magnitude images show weak features with mean value of 

approximately 8%, in reasonable agreement with measurements by Park et al (6%) [72],  

Kemp et al (2%) [19], and Bueno and Artal (10%) [73].  Diattenuation is highest superior 

and inferior to the ONH, suggesting that the diattenuation profile may be primarily due to 

the nerve fiber layer.  The diattenuation orientation images (though noisy due to low 

diattenuation magnitude) are similar to the retardance orientation images, strengthening 

this theory.  Diattenuation magnitude images for the macula region show variation about 

the fovea, which may be due to nerve fiber layer variations.   The orientation images are 

variable, showing either no preferred orientation, localized regions of preferred 

orientation, or a single preferred orientation.  The diattenuation profiles may, as with the 

retardance profiles, be influenced by the interaction with the cornea.  Corneal 

diattenuation has been measured by Bueno and Jaronski as 0.06 double pass on bovine 

and porcine corneas [53], of a similar magnitude to the measurements made in this study. 



  311 

12.8: Comparison to GDx 

 

A comparison of polarization images obtained with the GDx-MM and the GDx provides 

qualitative validity for the GDx-MM results, and illustrates the expected measurement 

differences between the two instruments.  Macula and ONH data for three GDx-MM 

subjects was acquired at Indiana University using a Laser Diagnostics GDx with the 

corneal compensator removed.  With the compensator removed the linear retardance data 

from both instruments is directly comparable, containing both anterior segment and 

retinal components (presuming that the region of the cornea traversed by the probe beam 

is similar).  The GDx raw datasets, consisting of 40 images each, were processed using 

the algorithm published by Knighton and Huang [183].  Direct comparisons of macula 

and ONH data are shown in Figures 12.17 and 12.18.   

 

 
 

Figure 12.17:  Comparison between GDx-MM (top row) and GDx (bottom row) 

uncompensated linear retardance data for the maculas of three subjects. 
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Figure 12.18: Comparison between GDx-MM (top row) and GDx (bottom row) 

uncompensated linear retardance data for the ONHs of three subjects. 

 

 

From these figures it is clear that the GDx-MM and GDx polarization images are similar.  

Differences in retardance measurement between the two instruments are expected as the 

GDx is inaccurate in the presence of diattenuation and depolarization.  The GDx-MM 

data is noisier than the GDx-MM data, most likely due to the lower signal at the detector. 

 

12.9: Utility of polarization parameter plots 

Although no diseased patients were evaluated for the initial GDx-MM study, it is 

important to consider how each polarization parameter plot might provide useful 

information in disease diagnosis and monitoring.  Conjectures can be made based on 

prior use of similar instruments such as the Laser Diagnostics GDx together with general 

knowledge of polarization effects in the eye as discussed in Chapter 2.  Retardance plots 



  313 

would be expected to primarily provide information about the Henle layer in the macula 

region and the retinal nerve fiber layer in other regions.  The ASR compensated linear 

retardance plot gives an indication of the thickness of the nerve fiber layer, which is 

useful in glaucoma diagnosis and monitoring.  The uncompensated linear retardance plot 

and the retardance orientation plot for the macula region may be used to detect 

disruptions of the Henle layer, which would be evidenced as disruptions in or absence of 

the bowtie (linear retardance) or pinwheel (retardance orientation) patterns.  

Diattenuation has not been explored as a disease diagnostic, and so it will be highly 

informative to discover whether certain disease features will present higher contrast in 

diattenuation magnitude and/or orientation images.  It is reasonable to conjecture that 

disruption of the regular tissue structure due to disease may be evidenced as features of 

higher or lower diattenuation, and future studies of diseased eyes should investigate this 

hypothesis. 

 

The depolarization plots are likely to be of particular interest as they emphasize deeper 

structures from which the return light has encountered more scattering events.  

Researchers at Indiana University have observed that many disease-related features have 

measurably higher contrast in depolarized light images.  These features include drusen, 

pools of fluid and leakage points, vessel abnormalities, edema, exudative lesions, 

peripapillary hyperpigmentation, and neovascular membranes [2,82,119].  It is thus 

reasonable to predict that depolarization images would facilitate detection and monitoring 

of disease processes which disrupt the regular structure of retinal tissue. 
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12.10:  Other polarization parameters 

In the previous sections a representative subset of polarization parameters was presented 

and discussed.  However, several other parameters may be calculated from the raw data, 

including:  retardance (magnitude, circular magnitude); diattenuation (linear magnitude, 

circular magnitude); and polarizance (magnitude, linear magnitude, circular magnitude, 

and orientation).  Images of these parameters for the macula and ONH of Subject 12 are 

shown in Figures 12.19 and 12.20.  Mean elliptical retardance magnitude is significant, 

on the order of -25°.  Elliptical diattenuation is small, so that diattenuation magnitude and 

linear diattenuation are nearly the same.  Circular polarizance is significant, on the order 

of 0.15. The polarizance orientation plot for the ONH shows a circularly symmetric fast 

axis similar to the retardance and diattenuation fast axis orientation.  These other 

parameter plots may provide interesting information about tissue structure, and should be 

investigated in future uses of the GDx-MM. 
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Figure 12.19:  Other polarization parameter images for macula region of Subject 12. 

 

 

 

 
 

Figure 12.20:  Other polarization parameter images for ONH of Subject 12. 
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12.11:  Retina Mosaics 

The data collected at the University of Arizona over a wide retinal field of view for 

Subjects A1 (left eye) and A2 (right and left eyes) was assembled into mosaics.  The data 

for the right eye of Subject A1 had tear film artifacts which obscured the retinal 

polarization properties, and so was not evaluated.  Mosaics were fit together from 5-10 

datasets, covering roughly 45° of visual field (Figures 12.21 – 12.23). The polarization 

parameters often but do not always “match up” across image boundaries, indicating a 

variation in the accuracy of Mueller matrix reconstruction from measurement to 

measurement.  It is clear from the intensity images that variations in reconstruction 

accuracy most often correspond to dim regions, while the “match up” across boundaries 

is better where both images have high brightness.  The depolarization index and 

diattenuation orientation plots are particularly sensitive to low signal to noise.  Linear 

retardance magnitude is greatest superior and inferior to the ONH, with regions of higher 

magnitude following the large blood vessels emanating from the ONH.  Retardance 

orientation pinwheel patterns are localized at the ONH and macula.  The fast axis tends to 

be vertical in nasal and temporal regions and horizontal in inferior and superior regions, 

and beyond the macula and ONH the orientation varies slowly across the retina.  

Localized regions with a particular orientation are often framed by large blood vessels. 

There is little variation in diattenuation magnitude.  The high noise in the diattenuation 

orientation plots makes interpretation difficult, but there is clearly some organized 

variation across the retina.  Depolarization index shows little variation, but is consistently 

lowest near the ONH and highest near the macula. 
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  (a)      (b) 

 

      
  (c)      (d) 

 

      
  (e)      (f) 

 

Figure 12.21:  Subject A1 left eye mosaic.  (a):  Intensity;  (b): Depolarization index; (c): 

Linear retardance; (d): Retardance orientation; (e): Diattenuation magnitude; (f): 

Diattenuation orientation. 
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  (a)      (b) 

 

      
  (c)      (d) 

 

      
  (e)      (f) 

 

Figure 12.22:  Subject A2 right eye mosaic.  (a):  Intensity;  (b): Depolarization index; 

(c): Linear retardance; (d): Retardance orientation; (e): Diattenuation magnitude; (f): 

Diattenuation orientation.  
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  (a)      (b) 

 

      
  (c)      (d) 

 

      
  (e)      (f) 

 

Figure 12.23:  Subject A2 left eye mosaic.  (a):  Intensity;  (b): Depolarization index; (c): 

Linear retardance; (d): Retardance orientation; (e): Diattenuation magnitude; (f): 

Diattenuation orientation. 
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12.12: Conclusions 

This chapter presents a wide range of retinal polarization data to illustrate the capabilities 

of the GDx-MM retinal imaging polarimeter.  The polarization parameter images for the 

normal eyes from this study demonstrate that the GDx-MM provides clear visualization 

and quantification of tissue properties, highly desirable for a diagnostic instrument.  An 

important limitation to this technology is the difficulty in accurately compensating for 

anterior segment retardance.  Image noise and misregistration error also contribute to 

inaccuracy.  Better data processing methods and an improved instrument design should 

improve the ability to compensate the anterior segment, and to provide clearer images 

than were obtained with this first generation instrument.  Ideally a larger, well designed 

study including both normal and diseased eyes will be performed in the future to more 

fully explore the potential of the various polarization parameters for revealing tissue 

properties and diagnosing disease.  The important achievement illustrated by the data and 

analysis in this chapter is demonstration of proof of concept of complete retinal 

polarimetry in an instrument which is adaptable to clinic use.  
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CHAPTER 13: CONCLUSIONS AND FUTURE WORK 

 

13.1: Introduction 

This dissertation describes the development of the GDx-MM, a complete imaging 

polarimeter for measurement of the polarization properties of the retina.  This work was 

performed as part of an NIH-funded study based at Indiana University School of 

Optometry to explore noninvasive methods to quantitatively map visual function and 

structure.  The three major components of this dissertation are:  1. Development of 

techniques for Mueller matrix polarimeter optimization and error analysis; 2. Design, 

build, calibration, and validation of the polarimeter; and 3. Analysis of the data collected 

on normal human subjects.  In this chapter the major challenges and accomplishments 

associated with each component are reviewed, and several opportunities for improvement 

in future designs are identified and discussed. 

 

13.2: Review of accomplishments 

Polarimeter design is straightforward in theory, but due to the large number of degrees of 

freedom and the effect of error sources it is necessary to employ appropriate techniques 

to properly optimize a polarimeter design.  This dissertation presents a number of 

techniques for Mueller matrix sample measuring polarimeters, including matrix rank and 

range, condition number, singular value decomposition, and Poincaré sphere trajectories.  

For the design of the GDx-MM polarimeter, some parameters were determined from 

visualization of trajectories on the Poincaré sphere, and others were optimized using a 
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condition number analysis.  A condition number analysis was also used in calibration to 

choose the set of parameters giving the most stable instrument matrix. 

 

An error analysis method for sample measuring polarimeters was developed with 

consideration for both random and systematic error sources.  Error sources in the 

polarimeter are estimated by the first term in a Taylor series expansion of the appropriate 

terms in the instrument matrix.  The error analysis may be used to optimize the 

polarimeter in the presence of error, compensate for a known systematic error, predict the 

error in reconstruction of a sample Mueller matrix, and determine the relative 

contributions of each error source to the total error in reconstruction.  An error analysis 

for the GDx-MM polarimeter revealed that the major sources of error are liquid crystal 

retarder drift and incorrect waveplate positioning, with predicted worst case accuracy on 

the order of 10%. 

 

Developing the GDx-MM was a long and difficult process.  Reverse engineering was first 

needed to understand the GDx platform and form a modification plan.  Changes to the 

optical and polarization paths included the insertion of liquid crystal retarders, 

replacement of the rotating waveplate, and addition of a weak lens and tilted glass plate 

to compensate for focal shift and translation.  A new timing sequence required significant 

electronic modifications, including capturing a large number of images, driving the liquid 

crystal retarders, and driving the rotating waveplate.  A data acquisition system was 

designed and programmed to perform the electronics tasks.  The GDx-MM was 
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calibrated using external polarimeters, requiring measurement of a large number of states.  

Those states giving an instrument matrix with lowest condition number were selected for 

use.  A validation process established that the accuracy and repeatability of the 

polarimeter is on the order of ± 5%.  Processing the raw data into polarization parameter 

images is a multi-step process requiring manual intervention, due to irregularities from 

scanner frequency drift and eye movement.  Steps include conversion of the raw data 

stream to an image stack; image registration; application of calibration data to obtain a 

Mueller matrix image; conversion to physical Mueller matrices; and extracting 

polarization parameters to form polarization parameter images.  

 

Data collection and analysis for two normal human subjects at the University of Arizona 

and 15 normal subjects at Indiana University is the culmination of this work.  The 

polarization parameter images reveal useful information about the tissue microstructure.  

For example, linear retardance images show variation about the optic nerve head 

correlating to nerve fiber layer thickness; retardance and diattenuation orientation images 

exhibit circularly symmetric variation about the optic nerve head and macula correlating 

to fiber orientation; diattenuation magnitude images exhibit a nearly uniform 

diattenuation of approximately 10%; and depolarization index images show a moderate 

depolarization of approximately 25%, slightly higher in the macula region.  Mosaics 

reveal polarization properties over a larger region of the retina.  The summary of 

measured polarization parameters presented in Table 12.2 provides an integrated view of 

all retinal tissue polarization properties collected together over a large sample set. 
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13.3: Discussion and Future work 

While the GDx-MM instrument is a step toward the use of polarization in the diagnosis 

of retinal disease, in its current form the accuracy may not be sufficiently high to be 

useful for large-scale clinical studies.  Many of the instrument limitations derive from the 

fact that it is a retrofit of an existing instrument, with the particular problem that many 

optical and polarization components have unknown properties and cannot be removed or 

adjusted without losing alignment.   An original ground-up design of a new polarimeter 

should easily overcome many of the limitations.  Possible improvements to the 

instrument fall into the general categories of:  polarimetry; optics; electronics; 

calibration; data processing; user interface; and data analysis.  Each of these categories 

will be discussed in this section. 

 

The GDx-MM was optimized polarimetrically with the constraint that polarization 

components in the generator and analyzer must fit within the GDx frame and be simple to 

control.  This led to the use of liquid crystal retarders, which are problematic due to a 

number of issues including strong retardance variation with temperature and angle of 

incidence; retardance variation across the clear aperture; low throughput; slow response 

time; and measurable depolarization.  It was also necessary to use the existing rotating 

waveplate to generate and analyze a sufficient number of states in a short time, leading to 

error from the inaccurate stepper motor drive.  A polarimeter with lower condition 

number could be assembled (for example) from pairs of variable retarders (rather than 

from a single variable retarder and a single rotating waveplate as in the GDx-MM).  
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Better performance would also be obtained through the use of higher quality variable 

retarders such as photoelastic modulators which have fast reponse and are less sensitive 

to temperature.  Redesign of the optic path should allow polarization components to be 

placed in collimated space, to eliminate angle of incidence variations.  Polarization-

dependent back-reflections should be reduced to the extent possible, for example by the 

use of improved coatings or tilting some components. 

 

To improve the electronic function a custom control system would ideally be designed 

from scratch.  The GDx-MM use of PC-based interface cards controlled by the Labview 

programming language was found to be problematic, as the cards were often “glitchy” at 

high data acquisition rates and the timing sequence was occasionally disrupted by 

computer-generated interrupts.  The lack of temperature stabilization and gain/offset 

compensation in the detector circuit was a principal source of error and must be 

addressed in a future design.  Image quality and data processing time would be improved 

by locking the data acquisition frequency directly to the varying resonant scanner 

frequency.  Several computationally intensive data processing tasks, such as applying 

calibration data and making Mueller matrices physical, might be integrated into the 

instrument’s processors rather than being performed as post-processing steps by software 

applications. 

 

Better alignment and calibration techniques could be implemented in a ground-up design.  

The GDx-MM was limited by the need to maintain the original optical alignment even 
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while installing new components in the optical path, as it was considered impractical to 

reproduce the original alignment without development of a complicated alignment 

fixture.  As a result, “band aid” solutions such as the weak lens and tilted glass slide were 

used,  reducing throughput and adversely affecting polarization and imaging 

performance.  The calibration procedure used for the GDx-MM was onerous, requiring a 

large amount of equipment and a long time for alignment, measurement, and post-

processing.  To be able to calibrate easily and reliably a new calibration procedure and 

fixture should be implemented allowing for quick alignment and automatic data 

collection and processing.  It would be advisable to calibrate at a few different 

temperatures and adjust the calibration set to the measured room temperature at each use. 

 

The intended audience for GDx-MM data includes scientists and researchers, as well as 

health care professionals using the instrument with human subjects.  It is therefore 

important that data collection be quick, comfortable, and reliable; and that the processed 

data be accurate and clearly presented.  The GDx-MM does well in accomplishing these 

goals, but a future redesign could incorporate many improvements.  Patient interface and 

data quality could be improved by limiting measurement time to two seconds and 

providing a camera-based alignment aid to ensure the probing beam is normal to the 

central cornea and centered on the pupil.  Better data analysis could include for example 

more effective anterior segment compensation and sub-pixel image registration.  

Excessive noise in the polarization parameter images was a principal limitation to 

accurate interpretation; a new optical design with higher throughput as well as improved 
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detector circuitry could significantly improve the image quality.  For effective 

presentation of data to health care professionals, algorithms may be created for such tasks 

as knitting together retinal mosaics; comparing data to a normative database; and using 

combinations of polarization parameter images for optimal visualization of retinal tissue 

structure and defects. 

 

13.4: Overall conclusions 

In conclusion, a Mueller matrix imaging polarimeter has been designed, optimized, built, 

calibrated, validated, and used on several human subjects to generate polarization 

parameter images.  Though polarimetry has been used in the past to investigate retinal 

tissue, this research presents the first instrument which generates a full polarization 

signature of the retina in one measurement, using an instrument which obtains data 

rapidly and without need for uncomfortable procedures such as pupil dilation.  As this 

instrument was developed through modification to an existing instrument, there were 

several design limitations leading to lower than desired accuracy.  A number of 

improvements have been suggested for a ground-up design which would exhibit 

substantially improved accuracy.  The polarization parameter images produced by the 

GDx-MM for several normal human subjects clearly demonstrate the potential of this 

technology to reveal the microstructure of retinal tissue, and represent a step forward in 

the use of retinal imaging polarimetry in the diagnosis and monitoring of retinal disease. 
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Figure 13.1:  Karen is very happy that the GDx-MM is finally ready to pack up for the 

trip to Indiana University. 
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APPENDIX A:  ACRONYMS 

 

 

AMD Age-related Macular Degeneration Section 2.6 

APD Avalanche Photodiode Detector Section 7.5 

AS(R) Anterior Segment (Retardance) Section 12.4 

DAC Data Acquisition Computer Section 6.6 

DOF Degrees of Freedom Section 3.3 

DoP Degree of Polarization Section 3.3 

DR Diabetic Retinopathy Section 2.6 

DRR Dual Rotating Retarder polarimeter Section 4.9 

DVR Dual Variable Retarder polarimeter Section 4.9 

LCR Liquid Crystal Retarder Section 7.2 

ND Nasally Downward Figure 2.4 

NPBS Non Polarizing Beamsplitter Section 5.4 

NU Nasally Upward Figure 2.4 

OCT Optical Coherence Tomography Section 2.4 

ONH Optic Nerve Head Section 2.2 

PBS Polarizing Beamsplitter Section 5.4 

PSA Polarization State Analyzer Section 3.6 

PSG Polarization State Generator Section 3.6 

PS-OCT Polarization Sensitive Optical Coherence Tomography Section 2.4 

RNFL Retinal Nerve Fiber Layer Section 2.2 

RPE Retinal Pigment Epithelium Section 2.2 

SD Standard Deviation Section 4.7 

SLP Scanning Laser Polarimeter Section 2.4 

SNR Signal to Noise Ratio Section 7.5 

SV Singular Value Section 4.5 

SVD Singular Value Decomposition Section 4.5 
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APPENDIX B:  SYSTEM SPECIFICATIONS 

 

Illumination source 780 nm laser diode (Class 1 laser) 

Optical power delivered to eye 3 mW  

Image size 256 x 256 pixels 

Resolution at retina 20 μm 

Measurement time 4 seconds 

Beam size at cornea 2.5 mm 

Retinal image field 15° x 15° (4.5 mm x 4.5 mm) 

Accuracy, typical: 

   Retardance magnitude 

   Retardance orientation 

   Diattenuation magnitude 

   Diattenuation orientation 

   Depolarization index 

 

0.09 ± 0.10 rad 

3° ± 2° 

0.05 ± 0.03 

9.9° ± 0.9° 

0.05 ± 0.03 
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