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Abstract 

 

Design and Implementation of a Miniaturized Swept Source Spectral 

Domain Polarization Sensitive Optical Coherence Tomographic 

Imaging System to diagnose Glaucoma 

 

 

 

Nitin Asokan, M.S.E 

The University of Texas at Austin, 2010 

 

Supervisor:  Henry G. Rylander III 

Co-supervisor: Dr. Thomas E. Milner 

 

Glaucoma is an ophthalmic pathology that is the second leading cause of blindness. The 

laboratory design of a Polarization Sensitive Spectral Domain Optical Coherence 

Tomographic System aims to detect early glaucoma symptoms and prevent vision loss 

that occurs due to late or no glaucoma diagnosis. In order to perform human clinical trials 

at partner hospitals across the country, a miniaturized and portable version of the 

laboratory system was developed. The system facilitates easy transportation and clinical 

testing of the otherwise voluminous laboratory system across different eye centers. 

Significant consideration was given for performance optimization, cost reduction, design 

improvements and providing a friendly user-patient interface. 
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CHAPTER 1: INTRODUCTION 

1.1 GLAUCOMA 

Glaucoma is an ophthalmic pathology that is the second leading cause of 

blindness after cataract.[1,2] Glaucoma affected an estimated 67 million people 

worldwide as of 2001. [3] According to the National Glaucoma Research (NGR), in the 

U.S., approximately 2.2 million people aged 40 and older have glaucoma, and amongst 

them, 120,000 are blind. Estimates suggest that approximately 3.3 million Americans 

could have glaucoma by the year 2020. Glaucoma is also seen as a leading cause of 

blindness among African Americans and Hispanics in the U.S. In the age range of 45 and 

64, glaucoma is fifteen times more likely to result in blindness in African Americans than 

in Caucasians. Around 5.6 million prescriptions were filled for glaucoma patients in 

2001. Towards the treatment of glaucoma, an average direct cost ranged from $623 per 

year for patients with early stage glaucoma to $2,511 per year for patients in the end 

stages. [4] 

 

1.2 PATHOPHYSIOLOGY OF GLAUCOMA 

Glaucoma is an irreversible disease that causes gradual degeneration of the optic 

nerve that is responsible for carrying visual information from the eye to the brain. The 

disease specifically leads to progressive and irreversible loss of retinal ganglion cells 

(RGCs) in the RNFL.[5,6]  When this degeneration is not diagnosed early, the loss of 

RGCs can potentially lead to partial or total blindness. Glaucoma initially results in 

peripheral vision loss and may eventually lead to noticeable symptoms such as pain and 

blurred vision much later. Since many lot of the everyday visual tasks do not require high 
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peripheral visual field sensitivity, glaucoma very often remains unnoticed by patients 

until central visual acuity is impaired. Moreover, surveys show that less than 50% of the 

subjects with glaucomatous visual field loss have received an appropriate diagnosis and 

treatment.[7,8,9]   Evidence suggests that RNFL thinning can occur up to 6 years [10] 

prior to clinically measurable vision loss. Various physiological deterioration modes have 

been suggested for glaucoma, including increase in intra-ocular pressure (IOP) [11,12],  

restriction in blood supply, generally due to factors in the blood vessels [12], role of 

astroglial cells [13,14,15], autoimmune attack [16]and reactive ion species and nitric 

oxide metabolism.[17,18]  Regardless of specific mode of degeneration and associated 

apoptotic signaling pathways,  data suggests [19] that the patho-physiological symptom 

of glaucoma is selective RGC death and accompanying degeneration of axonal 

neurotubules within the Retinal Nerve Fiber Layer (RNFL).   The RNFL is a birefringent 

tissue since it incident light is decomposed into two rays (the ordinary ray and the 

extraordinary ray) in transmission. Birefringence of the RNFL is directly related to the 

density of neurotubules in RGC axons. [28] Since glaucoma cannot be associated with a 

unique cause, development of techniques to detect the symptoms of glaucoma is believed 

to be more effective and useful rather than to screen for these underlying causes. 

Although pharmacological and surgical therapeutic interventions are present to halt or 

slow the development of the disease, early diagnosis is a key component in the battle 

against glaucoma.  

 

1.3 CURRENT DIAGNOSTIC TECHNIQUES  

The present day clinical standards for glaucoma diagnosis include visual field test, 

frequency doubling perimetry, and tendency oriented perimetry, rely heavily on a 

subjective test response of the patient or the subjective interpretation of test results by the 
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physician. Subjective methods such as these have been shown to diagnose glaucoma only 

after up to 40% of the RNFL is irreversibly lost.[10,19,20,21]  
 

Optical Coherence Tomography (OCT) is an optical imaging modality that 

enables the recording of depth resolved profiles of backscattered light from a sample.  

OCT is a non-invasive technique utilized for imaging biological tissues such as the retina, 

which gets affected in the case of glaucoma.[22]  OCT is based on the principle that light 

from two separate beams will produce interference only when the optical path length of 

each beam is matched to within one coherence length.[25]   The scattering property of 

biological tissues and the coherent property of light are used to provide two and three 

dimensional tomographic images.[22,23]  A-Scans (lateral adjacent depth scans) are 

obtained by analyzing a complex interference signal from light scattered in a multilayered 

sample. By scanning the incident light laterally across a sample, a collection of these A-

scans can be used to generate a two-dimensional image or B-scan. Currently OCT 

technology is applied to optical imaging to perform macroscopic, microscopic and 

endoscopic images. Recent advances in OCT imaging provides high resolution, high 

penetration depth, and functional imaging that enables structural imaging of optical 

biopsy quality.[24]   Structural imaging of tissues still remains the primary application of 

OCT.  Hence the advanced OCT technique is being used to quantify changes in RNFL 

thickness associated with glaucoma. Using these techniques, high resolution and high 

speed images are measured that provide an indirect method of quantifying the RNFL 

parameters, namely the birefringence and thickness. 
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1.4 SPECTRAL DOMAIN POLARIZATION SENSITIVE OCT  

The system constructed in our laboratory differs from the conventional OCT 

system, in which the magnitude of backscattered light is imaged. Polarized light is used 

in Polarization Sensitive OCT (PS-OCT) to obtain depth resolved birefringence data of 

the sample[22]. For this imaging technique either a Time domain (TD) or a Spectral 

domain (SD) based OCT technology can be used. Spectral domain OCT is more sensitive 

than Time domain OCT and offers higher imaging speed.[27]  Spectral Domain PS-OCT 

(SS-PS-OCT) is implemented using a swept laser source to increase imaging speed. A 

combination of Spectral-domain OCT and polarization sensitive OCT combines the 

advantages of both, which are ultra-high-speed acquisition and high sensitivity with 

polarization-sensitive measurement. This technique improves the reliability of 

measurements obtained from glaucoma patients.[22]  A Swept Source Polarization 

Sensitive Optical Coherence Tomography (SS-PS-OCT) is the imaging technique of 

which this thesis is a focused. This thesis aims to transfer the above mentioned 

advantages from a laboratory based optical bench-top system into a miniaturized clinical 

system in the form of a portable cart that will be used to perform clinical trials.  
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CHAPTER 2: METHODS 

2.1 TASKS & CONSTRAINTS  

The laboratory version of the PS-OCT system present in the Optics Research Lab 

was to be replicated into a clinical system for the purpose of clinical testing in different 

locations outside of Austin, Texas. For this purpose, it was required that the laboratory 

system be replicated into a miniaturized system that would be portable, robust, and safe 

for doctor-patient interface in any clinical set-up. During the course of building the 

portable system, careful attention had to be paid into optimizing various designs involved 

in the laboratory system in order to accommodate the wide resource consuming 

laboratory bench-top system into a portable cart form, the spatial resources of which are 

constrained with respect to the laboratory system. These optimization techniques 

sometimes needed modifications, alternate or additional components with respect to the 

laboratory system for maximum efficiency. 

 

Major tasks that were involved in designing and building the laboratory system: 

a. Component acquisition 

b. Ideation  - Efficient implementation of the clinical system 

c. Analyzing the physical aspects of the cart 

d. Analyzing the physical aspects of the components 

e. Designing the levels of the cart 

f. Floor planning 

g. Solenoid Control Circuitry 

h. Design and Packaging the electronic enclosure 

i. Assembly of the PS-EYE Ocular Interface with a Slit-Lamp 
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j. Designing a common power supply 

k. Modifying the cart to optimize the available volume 

l. Providing mechanical stability to the system 

m. Providing inlet and outlet provision for the transmission lines 

n. System level design 

 

The laboratory system was built on an optical table with vibration isolation 

supports such as one shown below in the figure 1-1. Figure 1-2 shows a typical laboratory 

SS-PS-OCT set-up on an optical bench. 

 

 

 
Figure 2-1: Standard Optical Table - An optical table used for optics and engineering 
experiments inside laboratories. The laboratory SS-PS-OCT system was designed and 

implemented in this type of a table. 
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Figure 2-2: Bench-top SS-PS-OCT System - A typical SS-PS-OCT laboratory set-up on an 
optical bench at the Optics Research Lab 

 

2.1.1 COMPONENT ACQUISITION 
 

Components required for the clinical system were at one level the same as that of 

the laboratory system. However, some additional components were specifically needed 

for the clinical system. The table below lists the major components that were acquired for 

the clinical system, their quantity, their reference number and the suppliers 

. 
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Table 2-1: Component Details: List of components acquired for the Clinical SS-PS-OCT 
System. This table also shows the name of the company, quantity, reference number and a 
brief description where necessary. 

 

Component Company Reference Number Qty Description  

Laser Source Santec HSL-1000 1 
1058 nm - 8 mW 

-  28 KHz 

Collimators 
OFR 

PAF-X-2-YAG 8 
For mod. and 

detection 

PAF-X-5-YAG 1 
Reference arm 

output 

PAF-X-7-YAG  1 
Reference arm 

Input 

Princetel CLS105-HI  2 For the clock 

Polarizer 
Karl 

Lambrecht 

MGT25E 8-

HEAR1000-1600NM  
1 For the modulator 

Couplers 

AC 

Photonics 

WP 10500202B2100 3 
2x2 

50/50(replacement) 

WP 10200202B2100 1 
2x2 

80/20(replacement) 

WP 10300202B2100 1 
2x2 

70/30(replacement) 

WP 10500202B2100 2 2x2 50/50 

WP 10200102B2100 1 1x2 80/20 

WP 10300102B2100 1 1x2 70/30 

Canadian 905 1 Variable coupler 
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Table 2-1 (Continued) 

Mirrors Newport 

10Z40ER.2 3 NA  

UBBR1-1I 1 
1"CCM,R>94%,

1 arcsec 

Polarization 

controllers 
Thorlabs FPC030 4 NA  

PBS w/base OFR 
PSCL-B-VL-YAG 1  NA 

PSCL-B-VR-YAG 1  NA 

Fiber-Table OFR FT-51x76-6W 1  NA 

High Voltage 

Amplifier 
New Focus 3211 1  NA 

Fiber optics Thorlabs 

HI1060-J9-custom 

1m 

1

0 

FC/APC 

Connectorized 

HI1060-10 1 

10m 

Unconnectorized 

 

Digitizer Alazar tech ATS9462 1 
180Ms/s 16bit 

PCIe 

DAQ cards 

NI 

PCIe-6251 1 NA 

PCIe-6259 1 NA 

Connector Blocks SCB-68  1 Connector cable 

Cables 
SHC68-68-EPM 

(192061-01) 
2 Connector block 

Computer Dell Custom 1 Custom 
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Monitors Any Custom 1 Custom 

Modulator Home made custom part 1 NA  

Tilt stage New Focus 9071 1 5-axis tilt stage 

Motorized stage Zaber KT-LSR75A 1 Motorized stage 

DDG Stanford DG535 1 NA  

Ophthalmoscope PXI  - 1 NA  

Table 2-1 (Continued) 

 
 

Cost Analysis: 
 

Since cost was a very important aspect of building the system and choosing the 

components during the component acquisition stage. A brief cost analysis was performed 

to estimate the total system cost. The following table indicates the cost of the significant 

components that were purchased during the system development. 

 
 

Table 2-2: Component Cost - List of components acquired for the Clinical SS-PS-OCT 
System. This table also shows the quantity, reference number and a cost of the components 

where applicable. 

 

Component 

Name 
Reference Number 

Qty Cost ($) per 

item 

Total 

Cost ($) 

Laser Source HSL-1000 1 49500 49500 

Collimators PAF-X-2-YAG 8 460 3680 

PAF-X-5-YAG 1 420 420 

PAF-X-7-YAG 1 420 420 

CLS105-HI 2 125 250 
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Table 2-2(Continued) 
  

Polarizer MGT25E 8-

HEAR1000-1600NM 

1 
730 730 

Couplers WP 10500202B2100 3 0 0 

WP 10200202B2100 1 0 0 

WP 10300202B2100 1 0 0 

WP 10500202B2100 2 68 136 

WP 10200102B2100 1 58 58 

WP 10300102B2100 1 58 58 

905 1 1793 1793 

Mirrors 10Z40ER.2 3 158 474 

UBBR1-1I 1 1150 1150 

Polarization 

controllers 
FPC030 

4 
186.2 744.8 

PBS w/base PSCL-B-VL-YAG 1 550 550 

PSCL-B-VR-YAG 1 550 550 

Fiber-Table FT-51x76-6W 1 575 575 

High Voltage 

Amplifier 
3211 

1 
2626.8 2626.8 

Fiber optics HI1060-J9-custom 

1m 

10 
88.3 883 

HI1060-10 1 67.5 67.5 

Digitizer ATS9462 1 5640 5640 

DAQ cards PCIe-6251 1 999 999 
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PCIe-6259 1 1349 1349 

Connector 

Blocks SCB-68 
1 299 299 

Cables SHC68-68-EPM 

(192061-01) 

2 
299 598 

Computer Custom 1 2549 2549 

Monitors Custom 1 250 500 

Modulator custom part 1 1000 1000 

Tilt stage 9071 1 0 0 

Motorized stage KT-LSR75A 1 1725 1725 

DDG DG535 1 3995 3995 

Ophthalmoscope 
- 

1 0 0 

 
Table 2-2 (Continued) 

The above table describes the cost of most of the significant components. Several 

other miscellaneous costs were involved in the implementation of the system, including 

peripheral components for the Anthro cart, cables, heat shrinkable materials, wires and 

other support tools required for the building of the cart. The cost of these items can be 

approximated at $1000. Moreover, in some cases, components available in the laboratory 

repository could be obtained free of cost. The cost of these items was not considered in 

the cost analysis. The total component cost of the entire system is approximated at around 

$90,000. 

 

 

 



 13 

2.1.2 IDEATION – EFFICIENT IMPLEMENTATION OF THE CLINICAL 
SYSTEM 

Care was taken to design the clinical system to provide safe transportability, good 

mechanical stability, and safety features to maintain the image quality to be recorded 

during the clinical trials. Since there was free-space optical communication in the system, 

it was decided that using an enclosed mechanical station with wheels was the best way to 

achieve the aforementioned constraints. Some commercially available precision-welded 

steel frame carts were examined for the purpose of providing shielding against 

electromagnetic interference and meeting the hazard requirements in many clinical tests. 

Since the SS-PS-OCT clinical tests were to be performed outside the Operation Room, 

the safety requirements were not as stringent and so other cost efficient options were 

considered. 

After detailed analysis and ideation, a Convoi lab cart designed by Anthro was 

chosen for the implementation of the clinical system. The cart was available from 

CardioSpectra who offered to donate to the Optics Research Lab. This system was 

previously used for a similar application by CardioSpectra. The cart had the following 

useful features: 

i. Enough volume to hold all the components required for the system 

ii. Ventilated front & back doors to prevent excessive heating – which might 

adversely affect the performance of the fibers 

iii. Detachable doors – Useful to make any modifications to the mechanical structure 

of the cart 

iv. Wooden side plates into which several racks can be installed easily 

v. Aluminum extruded legs to route cords and attach additional components 
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vi. Lock on the front doors which is necessary to avoid accidental exposure of the 

system to external light or dust – to protect the sensitive internal components 

vii. Wheels with clamp-down brakes for effective portability and stability 

viii. A solid base on top for attaching the display and input devices 

 
2.1.3 PHYSICAL ASPECTS OF THE CART 

The unenclosed Convoi cart from Anthro is shown below in the figure. 

  
Figure 2-3: Unenclosed Anthro Convoi Cart - An unenclosed image of the Anthro’s Convoi 

cart that was used for the implementation of the clinical system 

 
 

 

 

 

 

 

 

 

Wheels with clamp-down 
brakes 

Bottom Cabinet 

Base with provision for 
attaching display devices 

Aluminum extruded legs 



 15 

Physical Measurements of the Cart: 

Enclosure Height  575 mm 

Enclosure Width  563 mm 

Enclosure Depth  540 mm 

Total Enclosed Volume   174, 811, 500 cu.mm 

Area available on one layer 304,020 sq.mm 

Initial Unenclosed volume  107.95 X 563 X 540 = 32 818 959 cu.mm 

Bottom Cabinet volume  228.6 X 114.3 X 393.7 = 10 286 979cu.mm 

Table 2-3: Physical Dimensions of the Convoi Cart 

 

 

Figure 2-4: An enclosed image of the Anthro’s Convoi cart that was used for the clinical system 
 

 

Detachable door with lock 

Ventilated front door 
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2.1.4 PHYSICAL ASPECTS OF THE COMPONENTS 

The individual component physical dimensions were measured to perform floor 

planning. Since area was one of the primary concerns in using the cart to rebuild the 

laboratory system, an efficient floor plan was designed. This required accurate 

dimensions of the components. The table below shows the component name and their 

measured dimensions of interest. 

 
Component 

Name 

Height 

(mm) 

Width 

(mm) 

Depth 

(mm) 

Vol. 

(cu.mm) 

Laser Source 
150 345 377 19509750 

High Voltage Amplifier 
135 220 305 

   9058500 
HV Polarization Modulator 

127 127 279.4 4 741 926 

Modulators- small 
38.1 25.4 215.9 208935.1 

Electronic Box 
137 220 205 6178700 

Photo detector 
44.45 76.2 69.85 236588.2 

Computer 
558.8 222.25 571.5 70976471 

Electronic Polarizer Controllers 
   0 

PS-EYE Ocular Interface 
136 460 425 26588000 

Common Power Supply 
127 76.2 203.2 1966448 

Monitor 
292.1 444.5 57.15 7420267 

New Focus Power Supply 
 190.5 210  

Optics 
X X X X 

Table 2-4: Physical measurements of the components of the SS-PS-OCT System 
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2.1.5 DESIGNING THE LEVELS OF THE CART 

Various methods to accommodate the SS-PS-OCT system into the cart were 

analyzed. It was observed that although the combined volume of the components was 

smaller than the volume of the enclosed cart, the area available on a single layer of the 

cart was incapable of accommodating all components. This was due to the fact that the 

cart was initially not equipped with shelves within the enclosure and so it was required to 

install layers of shelves, thereby creating smaller compartments within the cart. This 

provided the cart with more usable surface area. Most of the components did not occupy 

more than one-thirds the height of the cart. Dimensions of all components were analyzed 

individually and several floor plan designs were proposed to fit the SS-PS-OCT into the 

cart. Taking into considerations the Area and Performance constraints, a proposed 

designs was chosen and some of the components were clubbed together in a single layer. 

Three layers of shelves were installed inside the cart so as to accommodate the different 

components as required by the floor plan. 

Initially, the objective was to position all the optical and opto-mechanical 

components including the HSL laser source in a single layer of the cart to position all the 

optical components in a single layer preventing routing the optical fibers between layers 

of the cart.  Moreover, in optical setups involving  interferometry, the alignment of each 

component must be extremely accurate—precise down to a fraction of a wavelength—

usually a few hundred nanometers. Even small vibrations or strain in the table on which 

the elements are set up might lead to complete failure of the imaging session. Hence, one 

requires a mechanical stable layer which neither vibrates nor flexes, even under moderate 

loading. The surface must also be level to allow precision optical mounts to make good 

contact with the table without rocking.  However, accommodating all the optical 

components in a single layer was not possible due to area constraints. Instead, all the 
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optical components excluding the laser source and the polarization controller were 

designed to fit the uppermost layer of the enclosure with the help of an optical 

breadboard. 

The uppermost layer consisted of a solid aluminum bread board base plates that 

provided a convenient and cost effective platform for fastening our optical assemblies, 

conducting experiments, and mounting small subsystems. Since the holes were threaded 

completely through these breadboards, components could be mounted rigidly on both 

sides of the optical breadboard.  

The Lowermost layer was dedicated to high power devices such as the High 

Voltage Amplifiers and Power Supplies. 

The Middle layer of the enclosure accommodated the  

i. Laser Source - High Speed Scanning Laser - Santec 

ii. Lab-made modulator which was used to modulate the polarization state of 

the emitted laser 

iii. Polarization Controller to convert any input state of polarization to any 

selectable output state of polarization. 

 

2.1.6 FLOOR-PLANNING 

Floorplaning was important step to test feasibility of the Anthro Convoi cart to 

accommodate the entire clinical system. Schematics were made based on a dimensional 

analysis of the components and the cart. Schematic representations of tentative placement 

of all the components were made and their practicality was analyzed. In this early stage 

of the hierarchical system design approach, many changes were made to the component 

placement and design of the system. An optimal configuration of the clinical system was 

realized and led to the implementation stage. The system was implemented in 6 levels, of 
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which 3 levels of the system were within the enclosure and 3 outside the periphery of the 

enclosure. The floor plan schematics of the various levels of the cart are provided below. 

2.1.6.1 Level 0: Top View 

Figure 2-5: Level 0 Floor Plan - The floor-plan of the bottom cabinet in the Convoi Cart 
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2.1.6.2 Level I : Top View 
  

 

Figure 2-5: Level 1 Floor Plan - The top level view of the Level 1 floor-plan in the Convoi 

Cart 
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2.1.6.3 Level II – Top View 

 
 

563 mm 

Figure 2-6: Level II Floor Plan - The top level view of the Level II floor-plan in the 

Convoi Cart 
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2.1.6.4 Level III – Optics – Top View 

 Figure 2-7: Level III Floor Plan - The floor-plan of the Level III in the Convoi Cart 
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2.1.6.5 Level IV - Top View: Unenclosed Cabinet: 

Initial Unenclosed volume = 107.95 mm X 563 mm X 540 mm  

Final Dimensions (After physical modification) = 159.95 mm X 563 mm X 540 mm 

 

 

Figure 2-8: Level IV Floor Plan - The floor-plan of the top-unenclosed cabinet in the 

Convoi Cart 
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2.1.6.6 Level V - Top Surface: 
  

 

 

Figure 2-9: Level V Floor Plan - The floor-plan of the top surface in the Convoi Cart  

 

 

563 mm 
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2.1.7 DESIGN AND PACKAGING THE ELECTRONIC ENCLOSURE 

 It was desired to have all the electronic chips and integrated circuits 

merged together in a single mechanically stable and well shielded package to protect the 

IC’s and discrete components soldered onto the circuit-board from mechanical damage 

(due to vibrations) and any external particulate matter (dust).  Enhancing the input / 

output interface to the computer was another reason to implement this packaging 

mechanism. This integrated electronic enclosure also optimized the area occupancy as 

well. 

A rack mountable aluminum enclosure was purchased to accommodate all the 

individual electronic components. The advantages of this enclosure were that it was 

suitable for both rack mountable and table top application and had a strong construction 

using folded top, bottom, front, back and side panels with horizontal support bars. This 

design gave the ability to disassemble the box completely into its individual panels and to 

work with the individual panels separately.  This feature made it easy to access the deeper 

areas of the enclosure easily and makes optimum use of the available space. The design 

also made a provision to be assembled with or without the rack mountable brackets.  

Another significant advantage of this enclosure was the venting on one of the panels. 

Venting was very important to provide air flow through the enclosure to prevent thermal 

effects from hindering the performance of the system. The images in the following pages 

show the design of the enclosure and positioning of constituent components. 

 

2.1.7.1 Dimensions & Design of the Electronic Box: 

Height: 5.25 inches; Depth: 8 inches; Width: 8.5 inches 
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Side Plate 

   

Figure 2-10:  Electronic Enclosure - Two views of the assembled version of the 

aluminum enclosure  

 

 

                        

Figure 2-11: The disassembled view of the aluminum enclosure 

 

Back Plate 

Bottom 
Plate 

Top Plate 
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Several modifications were performed to the aluminum enclosure to 

accommodate all the desired components, to enhance stability of individual components 

and provide a user-friendly interface to other parts of the system. These modifications are 

described in each of the following subtopics:  

Constituents of the Electronic Box: 

1. Clock Circuit for triggering the acquisition of every scan 

2. Control Circuit for the Solenoid Control System 

3. 68 pin Connector Block for I/O interface with the computer 

4. Digital Delay Generator 

 
2.1.7.2 Clock Circuit 

The Clock circuit functions to convert the K-space clock signal into an electrical 

clock signal to trigger A-Scan acquisition. Output from the balanced detector enters the 

clock circuit through the provision made in the back panel of the electronic enclosure 

(labeled as the Clock Input). The output of the balanced detector is acquired through a 

SMA terminated RF Cable and is interfaced to the enclosure with the help of a two-sided 

female SMA connector. This arrangement allowed more stability to the connections, easy 

plugging - unplugging of the connectors to the clock circuit and the photo-detectors 

without having to open the enclosure. This also facilitated better fault maintenance and 

serviceability.  The output of this circuit (clock signal) was provided to the desktop-

computer for the purpose of A-scan acquisition. The output signal leaves the clock circuit 

through a two sided female SMA connector at the enclosure interface and proceeds to 

travel through a SMA fiber to the Alazar Digitizer, which was connected to the 

motherboard of the desktop computer. 
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The clock circuit (shown below) was attached to the black plate of the enclosure. 

The clock circuit was first attached to four standoff insulators on the corners to insulate 

the clock circuit from the metallic plates of the enclosure and provide stability to the 

clock circuit with the back plate of the enclosure. These standoff- 

 

 

Figure 2-12: PCB circuit that was used for Clock Generation 

 

Dimensions: Height: 5 inches; Width: 1 inch; Depth: 3 inches 

 

 

Figure 2- 13: Depiction of standoff installation into the PCB  
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insulators were used to faster the clock circuit board in position against the back plate of 

the enclosure with the help of insulated screws from the other end of the back plate as 

shown in the figure above. 

 
2.1.7.3 Control Circuit for the Solenoid Control System 

A control circuit for a computer controlled beam blocking mechanism was 

implemented using solenoid actuators. The solenoid control circuit was also implemented 

into the Electronic Box. A control circuit for blocking one of the two laser beams was 

developed with the help of two solenoids. The requirement for the control circuit was to 

allow either of the laser beams to be blocked or to unblock both the beams at any desired 

time controlled by the software. 

The two beams emerge out of the collimator as show in the diagram below 

 

 
Figure 2-14: Two beams emerging out of the collimator directed towards the crystal 

beam splitters 
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The control system was designed to achieve the following at any desired time 

1. Block beam from Input 1 and allow beam from Input 2 

2. Block beam from Input 1 and allow beam from Input 2 

3. Allow both the beam from Input 1 and Input 2 

 
2.1.7.3.1 Solenoid Specification: 

Commercially available DC-Tubular Solenoids were used for this purpose  

 

Figure 2-15: Schematic of the DC-Tubular Solenoid  

 

This is a Push-type solenoid with continuous duty cycle. A push type solenoid 

was chosen for this application since it was desired to suspend the solenoid upside-down 

and have its plunger move up and down there-by unblocking and blocking the laser 

beam. In the Push-type solenoid the plunger moves outwards, out of the coil when 

energized.  A weight that can be attached to the solenoid will be pushed outwards when 

energized. A continuous duty cycle solenoid ensures that the solenoids are always ON 

and can be operated when required. This solenoid has an internal resistance of 122 Ohms, 

Power rating of 5 W, and Current Rating of 197 mA required a 12 V power supply and a 
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maximum plunger movement of 1 inch. When a load of 4 Oz was used the plunger 

movement reduced to less than an inch. Since all the specifications of the solenoids 

matched exactly with our requirements and availability, these solenoids were used to 

control the balanced-detector system. 

 

                                                  

         De-Energized Position                        Energized position 

 
Figure 2-16: Solenoid Working - Left – Position of the de-energized plunger. Right – 

Position of the energized plunger 

 
2.1.7.3.2 Control of the solenoid: 

The solenoid was controlled using software loaded onto the host computer. A 

control circuit was required to enable blocking and unblocking of the beam when 

necessary. A relay mechanism was used to control the solenoid through the computer 

software. An already existing Data Acquisition Card connected to the computer is used to 
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communicate with the processor. The PCI express card was connected to a 68 pin 

Connector Block for I/O interface with the computer to allow easy connections to other 

peripheral modules. The Digital Input / Output port provided a binary output of 0 / 5 V 

DC (Port 52, 50 on the Connector Block). Control of the system was done with the help 

of LabView program. 

A relay was used to energize and de-energize the solenoid and acted as a simple 

switch which powers the solenoid ON / OFF as shown in the diagram below. The  

 

Figure 2-17: Schematic of the relay and load set-up 

solenoid was energized whenever voltage was supplied on the power lines. The relays 

functioned to make sure that the solenoid was supplied with the voltage only on a user 

prompt with the help of software control.   A 0 or 5V DC signals was obtained from the 

Digital Input / Output Card controlled by the software and provided to the input of the 

relay. When the 5V (High) signal was received by the relay on input, the relay latched the 

solenoid terminals with the power supply and energized the solenoid. When the 0 V 

(Low) signal was received by the relay the solenoid was de-energized. The circuit 

diagram for the solenoid control circuitry is shown in the following page. 
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Figure 2-18: Block Diagram of the Control Circuit 

 

This system was capable of energizing and de-energizing the system through 

software thus providing a computer-controlled beam blocking mechanism. But, since the 

solenoid was installed in an upside-down position, the solenoid did not revert back to its 

re-energized state when the supply voltage was cut off. So, to bring the solenoid back to 

its initial de-energized position when the supply voltage was turned off, a spring was 

used to provide a pull-back mechanism to achieve the desired result. 

 

A Strip-board was used to implement the above design of the control system. This 

circuit was also accommodated into the enclosure. The strip-board had to be insulated 
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from the metallic enclosures and was accommodated along the mid-height of the 

enclosure box with the help of an insulated ceramic standoff which helped both to 

insulate the strip-board and to support it.  
 

         

 

 

 

Figure 2-19: Left – Top view of the aluminum enclosure with the ceramic standoff 
   Right – Top view of the strip-board circuit mounted on the standoff 

 

2.1.7.4  68-pin Connector Block for I/O interface: 

Data Acquisition (DAQ) Cards were used in the Clinical System for interfacing 

between the signal source and the computer. The cards are interfaced to the computer 

through PCI / PCIe slots in the motherboard.  A PCIe-6251 Multifunction Data 

Acquisition Card by National Instruments was used to communicate with some of the 

Insulated Ceramic Standoff  Strip-board circuit mounted on 
the Insulated Ceramic Standoff  
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external devices such as the Modulator, Solenoid Control System, Trigger Generator, and 

Electronic Polarization Controller, etc. The most useful features of the DAQ were: 

• 16-bit, 1.25 MS/s (max), 1 MS/s (scanning), 16 analog inputs 

• Backward compatibility with software used with PXI 

• 1 lane (x1) PCI Express interface for increased bandwidth 

• Two 16-bit analog outputs (2.8 MS/s); 24 digital I/O; 32-bit counters 

• Correlated digital I/O (8 clocked lines, 10 MHz); analog and digital 

triggering 

• NI-DAQmx driver software and NI LabVIEW SignalExpress interactive 

data-logging software 

 

Figure 2-20: NI-DAQ card - used to communicate with the motherboard 

 
Since the space on the back of a PCI card was too small for all the required connections 

needed, an external breakout box was required. We used a low-cost termination accessory 

with 68 screw terminals for easy connection of field I/O signals to the counter/timer 

devices. The connector blocks included standoffs for use on a desktop or mounting in a 

custom panel. The CB-68LPR had a right-angle mounted connector. The 68-pin 

Connector Block was used for interfacing the Multifunction Data Acquisition Card - 
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PCIe-6251 by National Instruments with other external devices. This DAQ Card was 

mounted on the PCIe slot provided in the Computer that was being used for the clinical 

system. It communicated with the external devices through a 68 pin Connector Block. 

This connector block was connected to the DAQ card through the SH68-68-D1 Shielded 

I/O Cable.  

                                 

       CB-68LPR             SH68-68-D1 Shielded I/O Cable  

 
Figure 2-21: 68-pin Connector Block and Shielded Cable 

Left – Top view of the 68-pin Connector Block; 
Right – Top view of the SH68-68-D1 Shielded I/O Cable 

 

This 68-pin Connector Block was attached to the bottom plate of the Electronic 

Box with the help of the insulted stand-off’s that come along with the breakout box. 

Holes of corresponding diameter were drilled on the lower plate of the Electronic Box in 

order to screw an insulted plastic screw through the holes drilled in the enclosure into the 
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standoffs. This ensured good stability of the breakout box as well as good insulation from 

the metallic enclosure. 

 

 

Figure 2-22: Schematic of the NI PCIe 6251 pin-out 



 38 

 

Table 2-5: 68-pin Connector Block Connections 

 

Connector Block Pin # Connection 

1 Input for the relay 1 

2 Input for the relay 2 

3 Pin # 2 - PC 

4 Digital Ground 

5 Pin # 17 - PC 

6 Pin # 16 - PC 

7 Digital Ground 

9 Digital Ground 

10 Pin # 12 - PC 

11 Pin # 11 - PC 

12 Digital Ground 

13 Digital Ground 

15 Digital Ground 

16 Pin # 9 - PC 

17 Pin # 4 - PC 

18 Digital Ground 

19 Pin # 7 - PC 
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35 Digital Ground for relay 1 

36 Digital Ground for relay 2 

37 Pin # 2 - PC 

41 Pin # 15 - PC 

42 Pin # 14 - PC 

43 Pin # 13 - PC 

44 Digital Ground 

45 +5 V - Solenoid A 

46 +5 V - Solenoid B 

47 Pin # 6 - PC 

48 Pin # 10 - PC 

49 Pin # 5 - PC 

50 Digital Ground 

51 Pin # 8 - PC 

52 Pin # 1 - PC 

53 Digital Ground 

54 Modulator Ground 

55 Modulator Ground 

 

Table 2-5(Continued) 
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Figure 2-23: Aluminum enclosure with a DAQ card connected to shielded cable 

     

2.1.7.5 Electronic Polarization Controllers 

This module integrated a General Photonics’ all fiber dynamic polarization 

controller module with a MPD-001 miniature piezo-driver card so that the State of 

Polarization of the signal can be directly controlled either by a 0 to 5V analog control 

signal or a 12- bit TTL digital control signal. No high voltage power supply was required, 

due to the presence of an on board HV DC/DC converter. For convenience, the card 

could be configured to accept either a ±12 volt power supply or an optional external 160-

volt power supply (PWR-002 recommended). When working as polarization controller, 

NI SHC68-68-EPM 
SHIEDLDED 

CABLE 

BREAKOUT BOX 
TERMINAL 

 PCIe DAQ CARD 
TERMINAL 

68-PIN 
CONNECTOR BOX 

BOTTOM PLACE 
OF ELECTRONIC 
BOX 

  
SIDE PLATE 
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the module could convert any input polarization states to any desired output polarization 

states. While as scrambler, the controller can randomize the output polarization state. The 

low insertion loss, low back reflection, and low activation loss of the module are 

important features for test and measurement applications, while the compact size was 

ideal for the system integration or handheld devices. 

Two Electronic Polarization Controllers were planned for use in the clinical 

system. These Electronic Polarization Controllers were introduced into the Electronic 

Enclosure. Modifications were made to the Electronic Polarization Controller boards in 

order to attach an insulated plastic standoff so as to attach the polarizer board on to the 

side plates of the electronic box and also to insulate the chip board from the aluminum 

plates of the enclosure.  

 

Figure 2-24: General Photonics’ Electronic Polarization Controller 
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Pin # Function 

1 Read / Write 

2 Chip Select, negative active 

3 Reset 

4 Channel Control Bit 1 

5 Channel Control Bit 2 

6 Digital Signal LSB 

7 Digital Signal Bit 2 

8 Digital Signal Bit 3 

9 Digital Signal Bit 4 

10 Digital Signal Bit 5 

11 Digital Signal Bit 6 

12 Digital Signal Bit 7 

13 Digital Signal Bit 8 

14 Digital Signal Bit 9 

15 Digital Signal Bit 10 

16 Digital Signal Bit 11 

17 Digital Signal MSB 

18 Digital Ground 

19 Digital Ground 

20 No Connection 

Table 2-6: Pin Functions of the Polarization Controller: 
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The polarization controller’s pins were connected to the corresponding connector 

block pins in the breakout box as mentioned in the list above with the help of a ribbon 

cable. 

Board Dimensions: 

• Width: 100mm 

• Length: 100mm  

• Height: 20mm 

 

The front and back plates were modified also to accommodate the optic fiber 

passing through electronic polarization controller. Two holes were drilled on both these 

plates on either side so that the fibers can enter the enclosure and exit even when the 

enclosure is closed. Care was taken to ensure that these fiber optic cables, generally very 

delicate were not abraded against the metallic surface along the rim of the holes. The rims 

of these holes were provided with rubber beading to protect the fiber from mechanical 

abrasion against sharp surfaces of the enclosure. 

However, after initial testing of the Electronic Polarization Controllers, the 

controllers were observed to introduce high levels of Polarization Mode Dispersion 

(PMD), an undesirable effect. The controllers were replaced with a manual device. The 

concerned portion of the optical fiber was spiraled around a cylindrical rod that could be 

rotated with respect to its long axis.  This manual method eliminated the Polarization 

Mode Dispersion that was present with the introduction of the electronic polarization 

controllers. However, the provision that was made to incorporate the original polarization 

controller can be used to accommodate an electronic controller in future, if needed, which 

might be PMD free. 
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Figure 2-25: 1
st
 Polarization Controller connected to the side plate 1 

 

Figure 2-26: 2
nd
 Polarization Controller connected to the side plate 2 

 

Side Plate 1 

Side Plate 2 

Electronic Polarization Controller - 1  

Electronic Polarization 
Controller - 2 

Insulator - Standoff  
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2.1.8 Assembly of the PS-EYE Ocular Interface with the Slit-Lamp 

The PSI’s Ocular Interface Instrument for the base configuration is described in 

this section. The base configuration includes the line scanning laser ophthalmoscope 

retinal imager to interface to the SS-PS-OCT.  

2.1.8.1 Components of the PSEYE Ocular Interface Instrument 

a. Optical head 

b. Electronics box 

c. Slit lamp adapter 

d. Doublet asphere module 

e. Fixation target module 

f. Cable assemblies 

Images of these components are shown below: 

              

Figure 2-27: PSI Ocular Interface Instrument  Figure 2-28: Optical head 

 

    

           Figure 2-29: Electronics box (PS-EYE)              Figure 2-30: Slit lamp adapter 
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          Figure 2-31: Doublet asphere module   Figure 2-32: Fixation target module 

 

The slit lamp adapter plate was mounted onto the slit lamp table using the 

provided hardware. The optical head could be oriented in one of two configurations 

shown in Fig. 2-33. The double aspheric module was slid into the optical head. 

 

            

 
Figure 2-33: Optical head configurations - A (left) and B (right) used with a slit 

lamp table. 

The double asphere module was carefully inserted into the front-end of the optical head 

in the orientation shown in Fig. 2-34. The fixation target module was slid onto the 

mounting rail on the front-end of the optical head as shown in Fig. 2-35. The DAQ cable 

from the electronics box was connected to the computer. The Camera  link cable was 

connected from the rear of the computer to the camera on the optical head. 
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Table 2-7: Front panel connectors 

 

 

                  
Figure 2-34: Sliding the double asphere           Figure 2-35: Correct orientation for the   
module             fixation target  
 

 

 
Figure 2-36: Insertion of the 
Cameralink cable  

                         

The fixation target cable 9-pin D-Sub connector was connected to the RS232 port labeled 

‘P1- Fixation’. The 3-pin miniature connector of the fixation target cable to the 3-pin 

connector on the rear of the fixation target module. Connections were made from the FC-

APC to FC-APC fiber from the electronics box connector labeled J1, to the LSLO 

collimator labeled LSLO Input. 

2.1.8.2 Optical Alignment Procedures 

The basic user optical alignment procedures for optimization of retinal image 

quality consist of simple operations that quickly restore the nominal image brightness, 

Ref Des on 

Box. 

Electronics Box PSEYE Optical 

Head 

J7 LSLO Input LSLO Galvo 

J8 OCT-Y Input OCT-Y Galvo 

J9 OCT-X Input OCT-X Galvo 
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focus and illumination uniformity.  These simple procedures can be performed in minutes 

and should be routinely checked prior to imaging sessions.  

There are three parts to the quick procedure, listed in order of the likely frequency 

with which these adjustments will be required. 

a) Parfocal adjustment: (Y-Z) camera array-line beam co-alignment. 

b) Input line beam adjustment: Gaussian peak-camera array centering 

c) Rotory adjustment: (φ) camera array-line beam co-alignment 

a) Parfocal alignment 

 

 

 
Figure 2-37.  The line-scan camera in its mounting bracket with Y-Z translation 
stages 

 

The most sensitive adjustment in the optical system and consequently the most 

susceptible to small misalignments is the transverse (Y) translation stage adjustment. The 

adjustment controls the relative position (overlap) of the line-camera array conjugate at 

the retina with respect to the input line beam in the direction perpendicular to these lines. 

Nominal position setting was measured at PSI and corresponds to 0.320” on the 

micrometer. The axial (Z) translation stage controls the axial position of the line array 

Y 

Z 
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image conjugate (focal plane) with respect to the retina. Nominal position was set at PSI 

and is 0.385” on the micrometer. The Z-stage is effectively a focus control, but it must be 

remembered that the axial focal plane position of the scanning line beam (the input light 

to be confocally imaged) is fixed by the LSLO collimator and the scan lens and does not 

move with the camera. Shifting the axial focal position of the line array and 

compensating with the ophthalmoscopic lens so that the camera is still in focus at the 

retina is possible, but the input beam line is now in focus above or below the retina - 

usually undesirable. The procedure for making these planes parfocal is a brightness/focus 

optimization method that walks the camera line array to focal plane of the input line 

beam in Y and Z for the brightest and sharpest image of a target at that focal plane. At 

this point, retinal images will have the general focal and illumination uniformity qualities 

observed on the block target.  For further optimization, small changes can be made to the 

axial Z-stage to see if brightness or sharpness can be improved, but this is a weak 

function of z and barring any other changes in the optics, the image quality is unlikely to 

be significantly improved away from the nominal axial position (0.385).  

 

This set-up was integrated with the clinical system to test the final miniaturized 

version of the SS-PS-OCT system for use in clinical trials. Several measurements were 

performed on Optics Research lab members in order to optimize the various aspects of 

the design in the clinical system. After every significant optimization (algorithm, optical 

alignment, and floor plan alteration) the system’s performance was tested on the available 

lab members. The results of some of the best initial trials performed with this Clinical 

System are discussed in the results section of this document. 
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CHAPTER 3: RESULTS 

3.1 PHYSICAL RESULTS 

The final miniaturized SS-PS-OCT system met all the physical constraints that 

were required in order to transform it into a clinical version of the bench-top lab system. 

The different views of the completed clinical system are shown below. Figures 3.1 and 

3.2 show the anterior and posterior views of the PS-EYE Ocular Interface with the Slit-

Lamp. Figure 3.3 shows the anterior view of the cart with its front-door open.  Figure 3.4 

shows the zoomed in view of the different levels of the cart and its design. 

 

 
Figure 3-1: Anterior view of the PS-EYE Ocular   Figure 3-2: Posterior view of the PS- 
Interface with Slit-Lamp              EYE Ocular Interface with Slit-Lamp 
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Figure 3-3: Anterior view of the Clinical System with Display and Input Control devices   



 52 

 
 

Figure 3-4: Anterior view of the different levels of the clinical system 
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3.2 IMAGING RESULTS 
 

The testing and validation of the designed cart was performed on many subject 

eyes for variations in the test data to ensure good result analysis. Most of the initial test 

subjects were members of the Optics Research Lab at the University of Texas, Austin. 

Various series of tests were done from time to time after fine-tuning, optimization, and 

optical alignment in the system.  One of the best set of results was obtained by imaging 

the left eye (OS) of a senior graduate student involved in this project. The result images 

are shown below. Fig 3.5 shows the LSLO (Line Scanning Laser Ophthalmoscope) image 

of subject’s left eye (OS). Fig 3.6 shows the corresponding Blood vessel map. Fig 3.7 

shows the Fundus image of a raster scan and blood vessel map, respectively, of subject’s 

left eye. Fig 3.8 shows the continuous ring scan and blood vessel map of the same 

subject, respectively. Fig 3.9, 3.10, 3.11 show the thickness, phase and birefringence 

maps of the subject’s left eye respectively. 
 

         

Figure 3-5: OS - LSLO image (Left Eye)    Figure 3-6: OS - Blood vessel map  
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Figure 3-7: Fundus image of raster scan and blood vessel map of OS 

 
 
 
 

 
Figure 3-8: Fundus image of continuous ring scan and blood vessel map of OS 

 
 



 55 

 
 

Figure 3-9: OCT – OS – Ring Scan - Thickness map 

 
 

 
 

Figure 3-10: OCT – OS – Ring Scan - Phase map 
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Figure 3-11: OCT – OS – Ring Scan - Birefringence map 
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CHAPTER 4: CONCLUSION 

 

4.1 SUMMARY OF WORK 

A miniaturized clinical SS-PS-OCT system based on the bench-top laboratory 

system was designed and implemented. The motivation was to develop a portable system 

capable of nationwide transport for testing at partner centers, performing clinical trials 

and also to act as a starting point to develop a system that would eventually be used for 

FDA testing. The clinical system is currently being evaluated on 10 normal control 

subjects between the ages of 21 and 62. 

 
4.2 FUTURE WORK  

This clinical version of the SS-PS-OCT system will be used to perform primate 

experimental glaucoma study that will attempt to characterize the spatial and temporal 

dynamics of RNFL birefringence during glaucoma progression and establish an initial 

feature set and classifier for a case-control clinical study. The case-control clinical study 

will refine the initial feature set and classifier and use ROC analysis to test sensitivity and 

specificity of the feature set and classifier for discriminating between normal and 

glaucomatous human eyes. The feature set and classifier formulated in the case-control 

clinical study is a prerequisite for planning a large-scale longitudinal study. A large-scale 

longitudinal study to compare different approaches for detecting early glaucoma is 

outside the scope of the proposed research. Moreover, considering the fact that a large 

number of subjects required for statistical significance when the conversion rate from 

ocular hypertensive to glaucoma is low, such a study is best performed in a multi-

institution clinical trial over several years.  



 58 

The proposed case-control clinical study will compare the sensitivity and 

specificity of various features recorded by the Stratus OCT instrument (Carl Zeiss 

Meditec, Dublin, CA) for discriminating between normal and glaucomatous eyes. It is 

designed to test the specificity and sensitivity of features in peripapillary RNFL 

thickness, retardation, and birefringence for discriminating between normal and 

glaucomatous eyes in humans. PS-SD-OCT retardation measurements will be compared 

with the retardation measurements at the same spatial location using the GDx-VCC. 
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