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Abstract
Optical coherence tomography systems are used to image the retina in 3D to allow
ophthalmologists diagnose ocular disease. These systems yield large data sets that are often
labor-intensive to analyze and require significant expertise in order to draw conclusions,
especially when used over time to monitor disease progression. Spectral Domain Optical
Coherence Tomography (SD-OCT) instantly acquires depth profiles at a single location with a
broadband source. These systems require mechanical scanning to generate two- or threedimensional images. Instead of mechanically scanning, a beamlet array was used to permit
multiple depth measurements on the retina with a single snapshot using a 3x 3 beamlet array.
This multi-channel system was designed, assembled, and tested using a 1 x 2 beamlet lens array
instead of a 3 x 3 beamlet array as a proof of concept prototype. The source was a
superluminescent diode centered at 840nm with a 45nm bandwidth. Theoretical axial resolution
was 6.92um and depth of focus was 3.45mm. Glass samples of varying thickness ranging from
0.18mm to 1.14mm were measured with the system to validate that correct depth profiles can be
acquired for each channel. The results demonstrated the prototype system performed as expected,
and is ready to be modified for in vivo applicability.
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CHAPTER 1
Introduction: OCT and the EYE
In 1996, optical coherence tomography (OCT) systems became commercially available by Carl
Zeiss (Meditec, Inc.) and was deemed the gold standard for retinal imaging to diagnose retinal
pathologies in 2002 [20]. Over the past 27 years, the expansive and adaptive technology of OCT
has significantly grown into several forms with varying applications outside of ocular imaging.
The initial platform of OCT was Time-Domain OCT (TD-OCT) in 1989 and later FourierDomain OCT (FD-OCT) which includes Spectral Domain OCT (SD-OCT) and Swept Source
OCT (SS-OCT). Each OCT technique has the ability to yield sample information at micron
resolution with a millimeter imaging depth, when scanning, 3D data sets could be generated in
seconds that can reveal structural changes in the eye that would allow the monitoring of disease
progression. Although SD-OCT and TD-OCT were invented at nearly the same time, SD-OCT
remained largely underutilized until a 2002 paper which demonstrated clear sensitivity
advantages [1]. Of the three systems, SD-OCT has greatest potential for expansion with novel
ideas such as a parallel multiple-channel sample arm to capture numerous locations on a sample
simultaneously and generate quantitative maps of retinal thicknesses with high spatial resolution
[2]. This novel idea could reduce cost and data acquisition time while eliminating eye-motion
imaging artifacts by negating the need for standard scanning mechanisms.
All OCT systems utilize a broadband source. SD-OCT systems are based on a Michaelson
interferometer, which works by splitting light evenly over two arms via a beam splitter. The first
arm is referred to as the sample arm (which terminates with a sample) and second is the
reference arm (which terminates with a mirror). Incident light on a sample with multiple
reflective or backscattering surfaces will delay the magnitude of the light returning to the
8

beamsplitter. This light interferes with light returning from the reference arm. Unlike TD-OCT,
SD-OCT acquires spectral density information from the sample to render depth information.
From a single axial acquisition the frequency spectrum of the double-pass interference pattern
generated from the combined sample and reference arms is evaluated. Importantly, the optical
path length difference (OPD) must fall below the coherence length of the source. The proposed
system substitutes the standard mechanical scanning component with a beamlet array. Instead of
mechanically scanning, a beamlet array segments the incident beam into multiple channels in the
sample arm. Each beamlet images various points on the sample in a single acquisition or
snapshot. This “snapshot” method enables much faster acquisition time, resulting in a large
increase in the amount of data that can be obtained during a single image [3-4]. OCT has
demonstrated the ability to render images with 0.5 um resolution [5]. A system with an axial
resolution of < 5 um is considered high resolution [6]. Light focused on the sample follows
safety guidelines to avoid damage to the sample [7], which is especially important for in vivo
imaging. OCT has proven useful for ophthalmology applications [8], other human body
applications include endoscopic GI track tumor imaging [8], intracoronary stenting [9], and
structural weakness of progressing tooth decay [10].
History
Advances in Optical Coherence Tomography (OCT) have made the technology the gold standard
of ocular imaging. The first retinal imaging was performed at MIT in 1989 in the laboratory of
James G. Fujimoto, PhD, David Huang, MD, PhD, and Joel S. Schuman, MD. The first TD-OCT
prototype was fabricated at the New England Eye Center in 1994 and patented later that year by
Carl Zeiss (Meditec, Inc.) [11]. This system utilized an 800 nm wavelength source and had an
axial resolution of 10 um. 800 nm is relatively short by current OCT standards, but it allowed
9

superior resolution but sacrificed imaging depth and penetration. On the other end of the
spectrum, some systems use 1310 nm wavelength sources to increase imaging penetration, but at
reduced resolution [12-13]. Finally, published scientific articles on OCT have risen from 5 per
year in 1991 to nearly 1000 per year in 2006. From 2015 to April 2016, nearly 10,900 articles
have been published with titles including SD-OCT alone. It is apparent that SD-OCT is an active
field, and the SD-OCT system described herein demonstrates novel innovations.
Eye anatomy and thicknesses
The human eye is composed of multiple optical elements as shown in figure 1. Light first enters

Figure 1. Diagram of the human eye.
the cornea, which provides one-third of the optical power of the eye due to the change in
refractive index from the air. The second optical element is the iris, which is the colored portion
of the eye. This acts as a system stop and will change in diameter to regulate the amount of light
entering the eye. The third optical element is the crystalline lens, which is flexible and is able to
adjust its radius of curvature using ciliary muscles that surround the lens. This adjustability
allows the viewer to accommodate and focus on objects at various distances onto the retina. At
the back of the eye is the retina. Substructures of the retina are shown in figure 2. The retina
contains two types of photosensitive cells called cones and rods, which are named for the
10

Figure 2. Layers of the retina of the human eye.
appearance of their cellular structure. Cones are sensitive to color and rods are sensitive to black
and white. The center of the retina is called the fovea, which consists of densely-packed cones,
with 161,900 cones per square millimeter and a diameter of 1.5mm. Cones are longer than rods,
and the cross section of this region is easy to identify because it looks like a pit [14]. Cones also
exist outside the fovea, but their density decreases towards the periphery while rod density
increases towards the periphery. Thickness of the retina varies depending on location.
Thicknesses range from 168um at the fovea to 310.30um in the peripheral ash shown in table
1[15] and illustrated in figure 3[16].
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Table 1. Thicknesses of multiple layers of the retina.

Figure 3. SD-OCT image of (A) disease stricken retina, (B) healthy retina.
Retinal disorders detected by SDOCT
As the gold standard of ocular imaging, SD-OCT has been used in diagnosing multiple retinal
disorders and also as a routine monitoring system[15-17]. Diagnosis of a retinal disorder is
difficult to catch early. Ophthalmologists recommend that individuals receive comprehensive eye
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examinations every two years until the age of 61 where thereafter becomes annually due to agerelated natural retinal deterioration [18]. Conditions such as glaucoma, diabetic retinopathy and
macular degeneration are diagnosed by detecting changes to the retinal thickness over time [19].
Typical differences between normal and abnormal retinal thickness from initial exam is about
10-15 microns. This essential eye exam requires an imaging system to be reproducible, low-cost,
have rapid acquisition time, accurate measurements, a common referencing tool to monitor the
same regions of interest, provide high resolution images, provide minimal to no eye motion
artifacts, and is simple to operate and maintain. All the listed system characteristics are necessary
for a robust, sensitive, and commercially practical imaging system to detect these critical
micrometer-thickness changes.
Typical commercial SD-OCT systems measure a 6x6 mm scanned region with a total of 200x200
axial depth acquisitions (A-scans) (1-dimensional interferograms) from the spectrometer with ~5
to 7 um axial resolution in 1.54 seconds. Other commercial systems measure a 4x4 mm area with
512x101 A-scans with axial resolutions again ~5-7 um in 2 seconds [20]. Multiple A-scans are
required to reduce signal-to-noise. Images require subjective analysis by an ophthalmologist,
which is confounded by movement artifacts or areas of signal dropout in rendered B-scan (2D)
images. SD-OCT has significant advantages over TD-OCT which allows for increased sensitivity
to subtle irregularities or development of a retinal disorder. To further improve SD-OCT
technology, we propose a snapshot method which will avoid motion artifacts with an area sensor.
In summary, the primary advantages for this design are the elimination of moving parts to
improve reliability and robustness, reduced acquisition time to eliminate artifacts, and simplified
datasets that may not only allow but automated analysis, but reduce data storage requirements,
analysis time, subjectivity, and manpower [21].
13

Light is incident on a sample, which is placed at the focal point of the systems test arm. The
incident light back reflects and back scatters off the samples multiple layers and varying
refractive indices. The reflected light pass back along the same incident light path. This system is
known as a double-pass system. In addition to the sample arm is a reference arm. When light
from both arms overlap an interference pattern is generated. The interference pattern is then sent
through a spectrometer which breaks the broadband source into its spectral components and the
depth profile of the sample can be determined. It is important to reduce motion artifacts to
maintain high resolution depth profile renderings. We implement a multi-channel sample arm by
using a lenslet array. This permits multiple simultaneous measurement locations on the sample.
We verified the system is able to measure two locations simultaneously of samples with various
thickness.
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CHAPTER 2
Theory
An intuitive way of explaining SD-OCT is by comparing it to ultrasound imaging (US). A wellknown application for US is sex determination of an unborn child and to monitor health. When
sound waves are channeled into the patient directed at the child, the waves will echo off the
surface of the child and back to an US receiver. Based on the time delay of received echo and the
speed of sound, the depth-resolved line profile (A-scan) can be reconstructed. By summing up
various A-scans from a translation lateral to the beam, a two-dimensional depth-resolved image
can rendered (B-scan). SD-OCT works very similar to US in that it is based on reflected or
backscattered photons instead of sound waves. SD-OCT uses a broadband near-infrared (NIR)
superluminescent diode (SLD), a Michelson interferometer setup, and a spectrometer which
monitors the spectral variation in k-space on a linear charge-coupled device (CCD). Depending
upon the desired imaging depth and resolution, the central wavelength and bandwidth of the
source can be adjusted to meet system requirements. The intensity of the detected signal is
dependent on the optical path length difference (OPD) between the sample and reference arm
and corresponding powers [22]. It is vital that the OPD fall below the coherence length of the
source to maximize fringe spacing. OPD is important because it determines which source
frequency will generate interference between the sample substructures back reflecting or
backscattering and reference arm light.
The design of an SD-OCT system is based off a Michaelson interferometer, shown in figure 4. A
source is incident upon a beam splitter where half the light travels through the beam splitter into
the sample arm, and the remaining light is reflected 90 degrees into a reference arm. The sample
arm contains multiple optical elements. The elements included in the arm are dependent upon the
15

desired specifications of imaging the sample. Traditional SD-OCT systems have a mechanized
galvanic mirror which allows light to be scanned over the sample under testing. The scanning is
necessary to capture multiple A-scans to render a B-scan. Light reflects off the sample and
reference mirror and interferes once combined at the beam splitter. The interfering light is then
incident upon a spectrometer.

Figure 4. Michelson Interferometer [23]
A low-coherence length is desirable for an SD-OCT system. This requires a broadband source to
achieve high spatial resolution. Sample depth information is obtained by measuring the spectral
density within the spectrometer. Within the spectrometer is a diffraction grating which disperses
the interfering beams into their individual wavelength components. A detailed spectral analysis
is available in a Texas Instruments review on SD-OCT [23]. The CCD samples the full
bandwidth of the source (full) and detects the modulated interference from two signals. The first
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signal is from the sample arm containing all the surface-backscattered profiling information. The
second signal is from the reference arm, which contains the DC information. A fast fourier
transform of the interference reveals the depth information, with only half the signal (from the
sample arm) containing sample-dependent information.
Critical design parameters such as axial resolution (Δz), coherence length (lc), lateral resolution
(δx), depth of focus (xdepth), and full spectral bandwidth (full) are all essential to the SD-OCT
functionality and use. Axial resolution (Δz) is an important specification of the SD-OCT system.
When resolution is small enough, fine sample details can be recovered clearly. Axial resolution
determines how fine of substructures can be resolved in the samples depth direction assuming the
spectral distribution is Gaussian, which can be calculated with the following equation.

∆𝑧 =

2 ln 2
20
∗( )
𝜋
∆

[EQU. 1]

Where 0 is the central wavelength and Δ is the full-width half maximum (FWHM) spectral
bandwidth intensity of the source.
Another property of axial resolution is the coherence length (lc). Allowed permitted OPD is
determined by the coherence length of the optical system. If the OPD is greater than the
coherence length, interference fringe contrast drops off. This is also known as sensitivity roll-off
[24].
0.44 20
𝑙𝑐 =
n ∗ ∆

[EQU. 2]

Where n is material refractive index. Equations (1) and (2) are similar and both are commonly
used to represent the same information in the same context when they represent a uniform
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Gaussian distribution [23]. The equation used is largely a result of the shape of the spectral
distribution.
If the bandwidth of the source is narrow or nearly monochromatic, the coherence length would
be large. In contrast, SD-OCT is a low-coherence system with a short coherence length, resulting
in fringe contrast over a relatively small OPD range. Contrast is a value that is defined as the
difference of the darkest and brightest fringe divided by their sum equation (3).

𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡 =

𝐼𝑀𝑎𝑥 − 𝐼𝑀𝑖𝑛
𝐼𝑀𝑎𝑥 + 𝐼𝑀𝑖𝑛

[EQU. 3]

Where is Imax is the maximum object intensity and Imin is the minimum object intensity. Another
way to think of contrast is by comparing one pixel intensity value to another. The pixels are
simply represented as square waves of varying intensities. If the frequency of the fringe pattern is
higher than the spatial resolution, then a single pixel will not capture the smallest frequency
details. The frequency details will be averaged over the pixel and the contrast will drop off.
There are various types of resolution to consider such as pixel resolution, spatial, spectral,
temporal and radiometric [25]. All five resolution types can either enhance or limit system
performance.
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The cutoff frequency is dependent upon the pixel resolution and spectrometer MTF, ie. spatial,
spectral and pixel size and shape. . With limited spatial resolution, the optical system will have a
decrease in modulation depth. The reduction in contrast is dependent on spatial frequency. An
optical system design and optimization program can provide modulation transfer functions
(MTF) to elucidate the cutoff frequency for the system and identify elements that may limiting
system performance at higher spatial frequencies. MTF shows how contrast changes with
frequency, and is useful to determine the frequency at which contrast rolls off. A sinusoidal
modulation with a large amplitude is imaged by an optical system. At the image plane, it is
evident that higher sinusoidal spatial frequencies are cut off and as a result have smaller

Figure 5. Contrast attenuation at higher spatial frequencies. [25]
amplitude and contrast. Figure 5 shows an example. This decrease in the sinusoidal amplitude at
higher spatial frequencies is often the result of system optics or sensor resolution. Cutoff
frequency can be calculated by equation 4.
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𝐶𝑢𝑡𝑜𝑓𝑓 𝐹𝑟𝑒𝑞𝑢𝑛𝑐𝑦 =

1
𝑓
 ∗ ⁄#

[EQU. 4]

Another way to determine simulated system performance is by viewing spot patterns and
reviewing the geometric radius, root mean square (RMS) radius, and with airy disk radius. If the
geometric and RMS radius fall within the airy disk radius the system, it is considered “diffraction
limited”. An optical element or system that has the ability to produce images with angular
resolution as good as the instrument’s theoretical limit is said to be diffraction limited [26]. The
geometric radius is the length between the spot centroid and the outermost ray (chief ray). The
RMS radius is calculated by the difference between each ray and the reference point squared, and
averaged over all the rays, and then the square root is taken and provides a rough idea of the ray
spread. The airy disk radius is also calculated, and is defined as 1.22 times the primary
wavelength multiplied by the F/# of the beam. This diameter is the first dark ring for a uniformly
illuminated entrance pupil [27]. Further physical optics simulations can be completed via FRED
to assess performance.
Lateral resolution (𝛿𝑥) is defined as the ability of a system to distinguish between adjacent
backscatter or back-reflected features next to one another at the same axial depth[28].

𝛿𝑥 =

4 (0 ) 𝑓
∗
𝜋
𝑑

[EQU. 5]

Where f is the focal length of objective lens and d is the diameter of objective lens in the sample
arm. Depth of focus (xdepth), determines how far the light can penetrate into a sample and resolve
the substructure. If the DOF is too small, the substructures of the sample cannot be resolved in its
entirety. Depending on the substructure separation thickness, it may or may not be visible in a Bscan. For instance, if DOF is 6 mm, and the total optical thickness of a sample is 6 mm, then the
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back reflections off the front surface would be on either end of the depth profile, filling the entire
DOF.

𝑥𝐷𝑒𝑝𝑡ℎ =

𝑁
∗ ∆𝑧
2

[EQU. 6]

By adjusting N, the number of pixels in the linear CCD, it is clear that linear CCDs with large
pixel counts can capture greater imaging depths and higher axial resolution.
The full spectral bandwidth (full) describes the bandwidth, or all frequencies with intensity
approaches zero. Data analysis to determine the depth profile requires a full bandwidth value, for
which we will use full.
𝑓𝑢𝑙𝑙 =

𝜋
∗ ∆
2 ln 2

[EQU. 7]

A SD-OCT spectrometer contains essential system performance specifications. If the source
center wavelength, bandwidth and power are all ideal for the application, but if the spectrometer
specifications are not considered, it may be what limits the performance of the SD-OCT system.
Incident beam diameter (IBD), linear CCD pixel count (N), diffraction gratings grooves per
millimeter, angle of incidence, spectrometer focal length, peak efficiency, and wavelength range
should all be considered. The required beam diameter depends on the total diameter of the
beamlet array. Additionally, the linear CCD pixel count depends on the desired imaging depth.
For instance, it is possible to have unused pixels, but too few pixels will bottleneck the imaging
depth. The number of grooves per millimeter of the appropriate diffraction grating should fall
within the peak wavelength efficiency and bandwidth range. Utilizing system optimizing
software such as Zemax allows the spectrometer to be designed and simulated as follows: First
select the appropriate diffraction grating and imaging lenses for CCD with a specific linear pixel
21

array size. The ray bundle should use the maximum and minimum wavelengths should be
selected based on the source. The propagation of the light will model the maximum difference
MD) which is evaluated by targeting the height of the chief ray of two wavelengths with a fixed
separation. This difference is shown as the separation between the magenta and blue rays in
figure 6.
𝑀𝐷 = 𝑑 ∗ 𝑁

[EQU. 8]

MD is set as the target difference between the two optimization REAY operations. By placing a
paraxial lens (shown as a black vertical line) after diffraction grating as shown in figure 6, the
required focal length can be evaluated by solving for the marginal ray height in the thickness

Figure 6. Diffraction grating simulation on Zemax to determine required focal length of
paraxial lens
22

column in the lens editor. Once the desired diffraction grating and imaging lens is optimized, the
completed spectrometer can be incorporated into the SD-OCT system.
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CHAPTER 3
Device Overview
An SD-OCT system is composed of multiple elements which provides the depth profile of multisurface samples. As previously discussed, optical elements such as a broadband SLD source, a
reference arm, a sample arm and finally a spectrometer arm as seen in figure 7.
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A- NIR SLD source
A.1- Source collimating lens

B- Reference Arm
B.1- Mirror

C- Sample Arm
C.1- Beamlets
C.2- Large lens relay
C.3- Multi-surface glass sample

D- Fringe viewing CCD
E- Spectrometer Arms
E.1- Knife edge prism
E.2- Diffraction grating
E.3- Coupled achromatic imaging lenses
E.4- Linear CCD

Figure 7. Snapshot dual-channel SD-OCT system setup.
Each element serves a critical purpose in the design of the system. An SD-OCT missing one of
the listed optical Elements, A, B, C or D, would result in an inoperable system. Element A is a
broadband NIR superluminescent diode (SLD). The SLD must be carefully chosen with respect
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to the central wavelength (0) and bandwidth of the source (Δ). Again, these two parameters
determine the axial resolution (Δz) of the system. The f-number (f/#) of the achromatic lens in
element A determines the collimated beam diameter. F/# is the focal length of the lens divided
by the diameter or aperture of the lens. The emerging beam diameter needs to be large enough to
illuminate the entire beamlet array. The next optical element after the collimating lens is a beam
splitter (BS). The 50:50 high-efficiency pellicle beam splitter is ideal for the bandwidth of the
NIR source. Light is collimated by the collimating lens and is incident upon the BS at a 45
degree angle. Half of the propagating light continues through the BS and the rest reflects off the
BS surface and emerges 90 degrees, perpendicular to the initial propagation direction.
Element B is the reference arm. This arm contains a single optical element—a highly efficient,
reflective mirror as shown in figure 6 (B.1). The placement of the mirror is set to equal the total
optical path length of the sample arm. The optical path length difference between the reference
and sample arm must fall below the coherence length of the double-pass system. The reference
mirror surface provides a clean double-pass reference arm beam. Additional elements such as a
neutral density filter may be required to match the power of the returning sample arm. The
neutral density filter is placed perpendicular to the direction of propagation. Fifty percent of the
reflected light in the sample and reference arm travels through and reflects off the BS,
respectively, upon return.
Element C is the sample arm. As shown in figure 6, there are two channels propagating parallel
to the sample arm in relation to one another. The parallel channels are generated by a beamlet
array just beyond the BS (C.1). Similar to a lenslet array, the beamlet array is a matrix size of
1x2 lenses as a proof of concept. The sample arm is designed to focus the collimated incident
light into the sample. Because the beamlet array has two lenses, two focal points are seen on the
26

sample surface. The two beam paths through the sample arm are known as parallel channels. The
sample arm focal point is fixed on the surface of any sample thickness by translating it (C.2).
The sample shown has three substructures made up of two different refractive indexes. The
system is also able to image the surface to view fringes with Element D, without increasing or
decreasing the image magnification when the sample is translated. This element is not required,
but an aid. The lens nearest to the sample (C.3) is called an objective lens. The diameter and
focal length of the lens determines the lateral resolution (δx) of the system. Similar to the
reference arm the light is back-reflective and backscattering off the sample’s multi-substructures
back through the sample arm perfectly making it a double-pass system. Tip-and-tilt of the sample
must be set perfectly to avoid cross-talk between the two channels and so light emerging from
the beamlets are passed back through the same beamlet it emerged from.
Element D is an arm designed to view the interference fringes of light returning from the surface
of a sample and reference mirror. Light propagating from the sample and reference mirror pass
through a second beam splitter. Fifty percent of the light passes through the beam splitter and
into Element E. The remaining 50% reflects off the pellicle beam splitter and through an imaging
lens. The focal length of the imaging lens is set to match the path length (for a single pass) of the
reference and sample arm. This imaging setup provides the user the ability to locate the
surface(s) of the sample by translating the sample position, which also provides the user with
sample total thickness information by viewing the focal location for the sample surfaces. This is
achieved by using the fringe-viewing CCD. The sample should be translated until the sample
arm light is focused on the first surface of the sample. Then the sample should be translated
again until the sample arm is focused on the second surface. Noting these translation locations.
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The halfway location is the sample center where the sample arm focus should be located, as
shown in figure 7.
Element E is the spectrometer arm which measures the interference signal as a function of
wavelength () in nanometers. Optical sub-elements within the spectrometer include a diffraction
grating (E.2) and an imaging lens (E.3). E.1 is a knife edge prism which separates the two
channels into antiparallel directions to provide physical space for the diffraction grating, coupled
imaging lenses and linear CCD mounts. The focal length of the imaging lens is dependent upon a
linear CCD (E.4), which collects the spectral density information from each beamlet channel.
Depending on the linear CCD pixel count, diffraction grating grooves per millimeter, and
incident angle, the focal length can be calculated by optical design software such as Zemax, as
previously described. After the system is set up, aligned, and optimized, samples may be
analyzed. The optical thickness of the sample must fall within the DOF (xDepth). The collected
interferogram is then ran through in-house code to render a 2-dimensional depth profile of the
sample for each beamlet channel.
Design methodology
The methodology and thought process that goes into an appropriately-designed and highly
sensitive SD-OCT system is time consuming but essential. Overlooking design considerations
could bottleneck system performance, increase cost by not utilizing the performance potential of
components, or waste valuable time and financial resources by having to change out
inappropriate components for appropriate ones. As described earlier, there are 5 major elements
in the system and each requires careful sub-element components. Element A refers to the source
and collimating lens. An 840nm SLD source was chosen for this parallel dual-channel SD-OCT
system. The 840nm wavelength source was selected for its optical behavior in the target sample
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medium, which transmits through undesirable mediums and back-reflects off surfaces of interest.
Light absorption in tissue typically results in heat and tissue damage, so it is important to pick a
wavelength of light that is reflected rather than is absorbed by the sample. Some commercial SDOCT systems use longer wavelengths such as 1310nm [6]. The bandwidth of the 840nm source
is 45nm, which is lower than commercially used SD-OCT systems. The source was selected to
be cost effective and is appropriate for this proof-of-concept system. The calculated axial
resolution is 6.919um, which is near to what is considered high resolution (< 5um), and is
acceptable for our application.
The source has an adjustable maximum power of 11 mW. The power loss per optical element
was assessed and no issues were found. In the sample arm, the optical elements (excluding the
beamsplitter) were responsible for a 3% attenuation of the light when a mirror is used as the
sample. This was calculated based on the manufacturer specifications. Similarly, the reference
arm optical elements attenuated light by only 1% according to the manufacturer specifications. In
summary, the power of the selected source was not going to be a limiting factor in the parallel
dual-channel performance.
Additional calculations that were taken into account included depth of focus (xDepth = 3.452mm,
N=1024 pixels), coherence length (lc = 4.547um), lateral resolution (δx = 3.158um), and full
spectral bandwidth (full = 101.98nm), all of which were within an acceptable range. The xDepth
values of 7.08mm (2048 pixels) and 12.62mm (3648 pixels) could have been achievable had the
focal length of the spectrometer been adjusted to accommodate the desired pixel count.
Sensitivity roll-off is a function of the optical elements and detector as shown in figure 8.
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Figure 8. SD-OCT equation diagram to calculate sensitivity roll-off.
At high fringe spatial frequency the MTF attenuates resulting in poor fringe contrast and low
sinusoidal modulation figure 5.
Why two channels
The described dual-channeled system contains two beamlets. Each beamlet has a semi-diameter
of 3 mm and a 20mm effective focal length (EFL). The clear aperture of each lens is 5.4mm. A
three-dimensional mount was 3D printed using The Center for Gamma Ray Imaging Objet
Connex 350 printer which has a typical horizontal accuracy of 20um to 85um for printed objects
less than 50mm [29]. This printer was used to print a lens mount that would provide a secure and
deep hold for each lens to avoid minimize cross-talk between channels. The separation between
the lenses was set to zero as seen in figure 9. Minimizing the lens separation also minimizes the

Figure 9. Image on the left, 3D printed beamlet mount with two achromatic lenses. On the
right, 3D photo realistic rendering using PhotoView 360 in SolidWorks.
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system’s aberration as shown in figures 10. Zemax was used to analyze the lenslet separation by
minimizing the spot pattern to fall within the airy disk diameter and by reviewing the induced

Figure 10. Analysis of various beamlet-to-beamlet separation using Spot Pattern diagrams,
Airy Disk radius, and Transverse Ray Fans.
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aberrations as a result of the off-axis lenses. The ideal lens separation was determined using the
Transverse Ray Fan Plot tool by specifically reviewing any type of aberration and maximizing
the scale at the center wavelength. The maximum scale for zero separation was 100um,
separation of 0.5mm resulted in 200um and finally a separation of 1.0mm resulted in 200um.
Spot Diagrams of the sample surface (surf 26) and image surface (surf 61) were also reviewed
for each of the beamlet lens separations. As shown in figure 9 the airy disk was approximately
20um for each lens spacing. If the spot pattern fell within the airy disk shown in black at both
surfaces, the separation fell within system requirements. The final lens separation was set at
0mm and the total center to center focal point separation on a sample surface is 6mm.
Expanding the beamlet array size
Initially the system was optimized with a single channel by placing a lettered target at the sample
location. Element D was set up to image the surface of the target and the conjugate image of the
lettered target was captured. Once all the system elements were aligned for a single-channeled
system, interference from the sample and reference arm is seen figure 11. These fringes are

Figure 11. Both the fringe pattern and sample arm focal point are visible with the fringe
viewing CCD, Element D.
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called Haidinger fringes. To expand upon a single channel, a parallel channel was added to the
sample arm. To do this, a 1x2 beamlet lens array was used, consisting of two achromatic lenses
mounted side-by-side. The center-to-center separation of the lenses was 6mm, meaning the 2
points on the sample that are 6mm apart. Ideally more than two sample points are desired to map
a patient’s retina. A 3x3 beamlet array would render nine sample points and provide a more
comprehensive depth profile of a sample with multiple sub-structures. A 3x3 array may not
provide enough sample points to render a complete sample assessment for diagnosis purposes.
The 3x3 beamlet array shown in figure 12 contains nine 2mm-diameter achromatic lenses with a

Figure 12. 3 x 3 beamlet array 3D printed mount.
15mm focal length. The center-to-center spacing of the lenses was set to 3mm. The total sample
area covered is 6x6mm and is large enough to image nine points on the macula.
The combination of the SMF 840nm source and a collimating lens determines the beam size. It is
ideal if the beam fills the entire open window of the BS as well as the beamlets. The numerical
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aperture (NA) of the source is 0.12 and is dependent upon the type of fiber used. The NA of the
collimating lens is 0.13, focal length is 100mm and a diameter of 25.4mm.
Beamlet mount design
As previously shown in figure 9, the dual-channel beamlet mount was designed to house two
independent 6mm diameter, 20mm focal length achromatic lenses. Each lens was set into the
mount at a depth of 6.02mm to avoid cross-talk between the channels. The 3D printed dual-lens
housing fit into a cage-system with a tip/tilt-adjustable mount to ensure the lenses were
perpendicular to the propagation axis [30]. Cross-talk between channels may lead to changes in
the beam pattern and echo response, which is also known as crosstalk. Therefore the mounts
required long cone-shaped entrances to minimize crosstalk and to reject rays with diverging
angles between the two channels. Ghost reflections and rays of a different propagation than the
back reflecting rays would be blocked by the lenslet array mask design.
Reference and Sample arm setup
The sample and reference arms were optimized through simulation software prior to building the
optical system. The reference arm required a single optical element--a broadband dielectric
mirror. This mirror is >99% reflective to the wavelength of the source. Other elements placed in
the path of the beam’s path were neutral density (ND) filers. Maximum contrast is achieved
when the signal modulation is highest along when both the reference and sample arms are equal
in returning power, equation 3. A power meter was used to determine the power of each arm and
to determine which ND filters equalized both powers.
The sample arm (Element C) contains many optical for various roles. Firstly, the beamlet array
houses two 6mm in diameter achromatic lenses coated for NIR sources with  1% absorption.
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The diameter of the achromatic lenses was selected due to the focus-to-focus separation on the
sample surface. The center to center beamlet separation spacing of 6mm provided enough
separation to capture snapshots of two independent samples, one for each channel, and fell
within the current SD-OCT scan area of 6 x 6mm. The geometric spot size at the sample arm
focal points was below the diffraction limit. The next two optical elements contained coupled
achromatic lenses to minimize spherical aberration, astigmatism and other higher order
aberrations which may limit the final rendered image.
In addition to the beamlets, the sample arm has two 12.7mm semi-diameter achromatic lens with
anti-reflection coating to maximize transmission. Anti-reflective coatings substantially minimize
undesirable back reflections which may generate ghost images and reduce fringe contrast and
modulation amplitude MTF for each channel. The focal length of the acromatic lens is 150mm.
By coupling two of these acromat lenses, the total power becomes φ = φ1 + φ2 – φ1φ2τ. The
separation between the lenses is, τ=0. φ=1/f. After a simple calculation, φ=1/150 + 1/150 –
(1/150*1/150)*0 = 0.0133mm-1, and f = 75mm. There are two sets of coupled lenses in the
sample arm. The separation between the beamlets and first coupled lens is 2f, which equals the
sum of the focal lengths. Depending on the location of the principle planes for each lens, the total
separation distance (2f) is approximately equal to 20mm + 75mm = 95mm. The separation
between the first and second coupled lens in Element C is also 2f. The approximate back surface
of coupled lens 1 to the front surface of coupled lens 2 is approximately equal to 75mm + 75mm
= 150mm. The separation from the rear surface of coupled lens 2 and the sample is equal to the
back focal length (BFL) of coupled lens 2. BFL is calculated using the location of the rear
principal plane (P’) of the lens: BFL = EFL – P’. When EFL =75mm, BFL=68.664mm. The
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beamlet lenses, coupled lenses, and the sample are collectively referred to as a “2f, 2f relay
system”.
Further optimization was completed on the orientation of each lens. By analyzing the spot
pattern RMS and ray fan plots for aberrations after each coupled lens, the orientation of each
lens, whether plano-concave or convex-plano, can dramatically effected the spot diameters, MTF
and add unwanted aberrations to the system causing asymmetry in the tangential and sagittal
planes.
Sample arm details
The sample arm is set at a fixed location when all A-scans are collected with a single snapshot.
The reference arm mirror was translated to match the optical path length of the sample arm. The
physical location of the sample along the sample arm depends upon if the center of the sample
and each channel focus coincide. The sample arm beamlets are focused into the sample to
provide proportional back reflection and back scatter amplitudes. Determining the center of a
sample is simple. The sample is on a translation stage and the fringe-viewing CCD images the
surface of the sample. When the surface is at the focus of the sample arm, a focused spot is seen
on the fringe viewing CCD. If the sample surface-to-surface optical thickness was large enough,
back reflections off both surfaces are visible via the fringe viewing CCD. Back reflection images
off the front and rear surfaces of a 0.20mm-thick sample are shown in figure 13. The translation
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Test: 4.750mm

Test: 4.293mm

Test: 4.039mm

Figure 13. Images captured by the fringe viewing CCD of three different sample translation
positions. Positions 4.750mm and 4.039mm are positioned to image the sample glass surfaces
1 and 2. The center image represents the sample focal position focused in the center of the
glass sample.
between the two focal points were 0.711mm. The optical thickness of the sample = n*t, medium
index (n) and sample physical thickness (t). In addition, to viewing the focal spot of the surface
and determining optical thickness, the interference pattern from one beamlet and the reference
arm beam is present. By viewing the fringe pattern, assessment of which aberrations are present
can be determined. The power of the reference beam required an ND filter to match the sample
arm beam power.
Spectrometer details
The crucial optical element in a spectrometer is the diffraction grating. The Wasatch HD volume
phase holographic grating used contained 1800 lp/mm, an incident angle of 49.1°, and an
average diffractive efficiency of 80% at 840nm. The Wasatch HD gratings have superior
performance for bandwidths within the range of 50nm or more compared to a Dickson-type
grating.
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The spectrometer required two coupled achromatic lenses rather than a single achromatic lens.
The orientation of the coupled lenses was examined by MTF and spot diagrams, figure 14. To

Figure 14. Analysis lens orientation in spectrometer of the two achromatic imaging lenses.
illustrate this point, with the starting pixel count set to 1024 pixels, the required focal length is
74.192mm calculated by Zemax. To determine the required focal length for each pixel count, the
maximum difference (MD) needed to be calculated. With a desired 8mm pupil diameter, the
maximum difference (MD) = d * N. d = 8mm and N = 1024. 8*1024 = 8.192mm. By using the
REAY and DIFF operands within the Zemax Merit Function Editor, at the imaging surface, as
shown in figure 15. The allowed difference between the total bandwidth, if centered at 0.840um
and bandwidth of 45nm, a total of 5 wavelengths could represent the sources bandwidth (0.82,
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0.83, 0.84, 0.85, 0.86). By changing the number of pixels, the target difference between wave 1
and 5 value will change, 16.384mm (2048 pixels) and 29.184mm (3648 pixels).
Increasing the pixel count (N) required increasing the coupled achromat lens effective focal
length. The spot size vs. imaging depth was maximized at 2048 pixels, but to make the system
compact, we used 1024 pixels. The required focal length for each pixel count, 1024, 2048, and
3648, was determined with the optical system simulation software Zemax. By initially setting up
the diffraction grating surface with characteristics of the desired diffraction grating, a paraxial
lens could be set just after. By setting the paraxial thickness as the Marginal Ray Height and
focal length as variable, the local optimization of the system will adjust the lengths by inputting
different MD values. Figure 15 demonstrates how the Merit Function is set up to set the chief
rays of the two outer wavelengths to be set at the full width of the total number of pixels

Figure 15. Zemax Merit Function Editor to adjust for maximum difference (MD) between
wave 1 and 5 with respect to wave 2.
(8.192mm). Table 2 shows the calculated focal lengths for each pixel count.

Table 2. Required focal length with use of three pixel counts, 1024, 2048, and 3548.
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The selected linear CCD pixel dimensions were 8x200um. There are 3648 pixels. The length of
the linear CCD is 8um*3648 pixels = 29,184 um or 29.184 mm. The pixel resolution is greater
than the initial dark fringe radius determined by the airy disk radius. The optimized airy disk
radius was determined by orienting the coupled 12.7mm semi-diameter, 150mm focal length
lenses, with the convex surfaces facing one another and the plano-surface facing outward figure
16. An end-to-end radiometry analysis was completed on the spectrometer and determined which
achromat lenses and lens orientation would induce minimal aberration and maintain the systems
high MTF.

Figure 16. Simulated Zemax 3D Layout of one spectrometer imaging lens coupling.
Data Analysis Method
Data collected from each spectrometer was analyzed with in-house signal processing code. A
flow chart is provided in figure 17 to summarize the data analysis steps. The system generates an
interferogram when the sample arm focus and a sample coincide. The reference arm was
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Figure 17. Data analysis flow chart.
translated to change the modulation frequencies and amplitudes. This data was collected using
the provided linear CCD software. It was processed using the signal processing code to render
depth profiles for each spectrometer, sample, and reference arm translation position. The
received spectrum contained a component from the reference arm and another from the sample
arm. The reference arm spectrum represents the DC term—a Gaussian distribution of the source
bandwidth. Typically, the sample arm is blocked and the DC term alone is collected and
subtracted from the data. However this was not done. Rather than subtracting the DC, an
interferogram was collected at zero OPD. This interferogram was subtracted in the fourier
domain to minimize noise. By subtracting noise for noise in the time domain the noise will add.
By subtracting the zero OPD signal from a reference arm transitioned position signal, noise in
the final depth profile rendering was dramatically decreased. The conventional subtraction of the
reference arm as the DC term was analyzed, but by subtracting the zero OPD in fourier space
provided a clean depth profile rendering. The interferogram has sinusoidal modulation on top of
a Gaussian envelop. The peak of that signal was shifted to have the center wavelength at the
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maximum intensity. When the signal is collected, the x-axis is in pixel number of the CCD. It is
then converted to wavelength by centering the maximum intensity at the source wavelength, and
the full spectral bandwidth of the source is matched to the Gaussian envelope size. All the
analyzed reference positions having a common reference point. The zero OPD signal should be
subtracted from the translated signal, but there are several steps to perform first to prevent
additive noise. First, the x-axis must have the same values. Both the zero OPD and translated
signal are height-normalized and interpolated to have the same wavelength values. Linear shapepreserving interpolation was done. It is very important to maintain the shape of the modulation in
order to properly render proper depth profiles of the sample.
Next, the signals were resampled in k-space by simply converting x-axis values to frequency
(wavelength = 2π/frequency) and are followed by a fast Fourier transform (FFT). Both zero OPD
and translated sample are then finally subtracted to remove non-sample peaks, noise, and
unwanted interference modulation of the zero OPD. The final depth profile renders peaks at
various depths for each back-reflecting surface of the sample. The separation between the peaks
is the optical thickness of a single layer. An entire A-scan is measured with a single
interferogram and requires no mechanical scanning of the reference arm. The reference arm is
translated only to two locations for each sample—a location that achieves zero OPD to acquire
the background (DC) data, and a non-zero OPD location where the source center frequency is
located at the center of the sample, which is also the location of the sample arm focus. .
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Four data analysis methods (Settings 1-4) were examined, and one clearly provided the best
SNR. The four settings were set as follows: Setting 1, zero OPD interferogram was subtracted in
k-space from a reference mirror translated interferogram (one of many positive and negative
translated increments) and the depth profile peak amplitude was scaled logarithmically. Setting 2,
zero OPD interferogram was not subtracted in k-space and the depth profile peak amplitude was
scaled logarithmically. Setting 3, zero OPD interferogram was subtracted in k-space and the
depth profile peak amplitude was linearly scaled. Finally, Setting 4, zero OPD interferogram was
not subtracted from a translated interferogram and the depth profile peak amplitude was linearly
scaled. A summary of the setting can be found in table 3.

Table 3. Four different data analysis settings.
Testing and validation- Alignment
Precise alignment of an interferometer or any optical system is highly stressed to achieve optimal
performance. With free-space systems it can be difficult to align because optics are susceptible to
many potential shortcomings such as dust, table pumps, settling optics. To minimize decentering,
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tip and tilt of an optic, it might be best to use a cage mount. The snapshot SD-OCT system has a
single reference point, the beamsplitter. With cage mounts connected to the beamsplitter cube for
both reference and sample arms, the potential for misalignment is minimized. The source used is
NIR and not visible to the eye without a viewing card. Tools such as a shear plate could not be
used to test collimation because shear plates interfere visible light so the observer can see the
fringes. By initially setting the height and open diameter of the iris when located closest to the
start of the light propagation will provide a height and beam size reference. When the iris is then
translated to the far end of the rail, adjustments to tip and tilt can be made. Small shifts can have
a dramatic effect. With the source collimated, additional elements to the system can be added.
Reflective surfaces are tested in a similar matter such as Element B by using an iris and rail
system.
The sample arm contains multiple optical elements which makes alignment and lens spacing all
the more crucial to set correctly. The large lens relay spacing was set first. Knowing the incident
light was collimated and that a 2f relay system would have collimated emerging light, the same
techniques to collimate the source were used. The separation between the beamlet and large relay
lens is also 2f but the emerging collimated lens will now be focused at the back focal distance
(BFD) of the last lens in the relay sequence. By inserting the beamlets into the tip/tilt adjustable
cage mount it compensated for wavefront error. Once elements C.1, C.2 are fixed, placement of
C.3 could be assessed. If the distance from the second lens in C.2 to the C.3 is not BFD, the
spacing between C.1 and C.2 needs adjusting. By placing C.3 on a translation stage, small
changes to the double-pass beam diameter could be made. The diameter of the double-pass
beams need to be the same size as the beamlets lens themselves. A collimation test also was
completed on the double-pass emerging beams.
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Once the system arms were aligned and collimated, Element D, the fringe viewing CCD was
added to image the surface of the sample and reference mirror. By doing this you are able to
view the interference pattern caused by the overlapping reference and sample beams.
Finally, the spectrometer was aligned. A BS was added between the central BS and fringe
imaging CCD to generate two paths. Element E.1 is a knife edge prism to separate the two
channels.E.2 is a diffraction grating with an incident angle of 49.1°. If collimated light did not
enter the diffraction grating at this angle, little to no light transmitted through. By carefully
adjusting the height, tip and tilt, the diffraction gratings were set at maximum transmission
efficiency. E.3 is a set of achromatic lenses. The separation between the coupled and linear CCD
was set to the BFD of E.3. A quick test to check if both reference and sample focal points
overlapped on E.4 was determined. If the beams did not overlap, the tip and tilt of the reference
mirror was adjusted until the maximum intensity from the reference arm was seen by E.4. If the
intensity of one arm was greater than the other, a neutral density filter as inserted into the path of
light propagation. The reference arm regularly required neutral density filters. Figure 18 shows

Figure 18. Relative reference and sample arm only intensity on linear CCD.
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the reference and sample arm interferogram intensities. This maximizes the fringe contrast and
signal modulation. The same techniques are used to align the second spectrometer arm.
Experimental tests 1-4
With the system aligned, samples of various thicknesses could be tested. Various microscope
slides were chosen as samples, with physical thicknesses ranged from 0.18mm to 1.14mm.
Before samples could be tested, the sample center had to be positioned at the sample arm focus.
Using the fringe viewing CCD arm (Element D), surfaces of the sample could be detected. An
image of a 4-pointed star indicated the presence of a sample surface from the light back-reflected
off the surface. Three examples of the star are shown in figure 13. Three images are shown when
the focus at three different sample locations: the front surface, between the surfaces, and the rear
surface, respectively. This analysis was completed for every sample tested and for each beamlet.
Multiple glasses were tested, shown in table 4 with their physical and optical thicknesses. The
refractive index for all samples was set to 1.517 based on the refractive index for glass
commonly used for microscope slides. The double channel system was compared in two ways.
First, a right versus left spectrometer comparison of the same sample. Secondly, a test with both
spectrometers using samples of different thicknesses. Four experiments with different
configurations table 5 to test the system’s ability to test variability between spectrometers and
sample properties. Experiment 1 measures glass A for both spectrometers. In experiment 4, the
left spectrometer measures glass C with D and the right spectrometer measures glass C only. The
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Table 4. Description of glass samples A-D.

Table 5. Description of experiments 1-4.
purpose of experiment 4 is to verify that the system is able to distinguish differences in glass
samples simultaneously.
Means to verify proper operation of device
Multiple experiments were designed to verify the operation of the device. The four experiments
are explained in table 5. The physical thickness of each glass is measured prior to testing with
dial and digital calipers. The refractive index of glasses A-D are not known and assumed to be
1.517—typical of glass used in common microscope slides. For each glass, sample depth profiles
were rendered at various reference mirror positions starting at zero OPD. To check for glass
sample thickness symmetry, measurements were taken of the glass sample by translating the
reference mirror in the positive and negative directions in 0.010in increments as shown in table
6. Each sample was collected and analyzed under the same conditions. After each depth profile
rendering, the peak-to-peak separation of the imaged depth surfaces were calculated. Correlation
plots were used to verify the accuracy of these measurements. When the reference arm was
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moved 0.254mm, then a peak shift in the depth profile (or shift in FOV) of the same amount was
expected.

Table 6. Detailed translation increments of the reference mirror to capture a total of 20
increments in the positive and negative translation direction form 0 OPD.
Calculating Peak-to-Peak separation
The peak-to-peak separation determined the optical thickness of the glass sample. The location
of the peak is manually selected from each depth profile rendering at each reference translation
position, every 0.254mm increment. The location of each peak per rendering was entered into an
excel spreadsheet and further analyzed for peak-to-peak separation and correlation plots.

48

The fringe-viewing CCD (Element D) imaged the interference fringe pattern for each glass
sample at zero OPD. The fringe pattern was captured at zero OPD because fringe contrast is at its
highest and fringe frequency at its lowest. The orientation of the fringes, whether circular,
straight, angled, or hyperbolic can indicate which aberrations are present on the surface of the
glass sample. Figure 19 shows curved and angled fringes which are characteristic of spherical
aberration x-tilt and astigmatism x-tilt greater than 1um. The four-pointed star shape on the
CCD indicates the presence of astigmatisms in the system. An astigmatism-free system would
have a circle rather than a star. Glass samples such as C and D are very thin and flex easily in the
sample mount holder which may be the cause of the visible spherical and astigmatism
aberrations on the surface.

Figure 19. Sample surface translated to sample arm focal point and imaged on fringe viewing
CCD to analyze surface aberrations.
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CHAPTER 4
Results
After a through optical simulation, optimization, and analysis of the dual-channel SD-OCT
system, the system was fabricated, aligned and tested. Four glass samples seen in table 4 were
measured in four different experimental designs table 5 to determine spectrometer-tospectrometer thickness measurements of the same sample and simultaneous measurement of two
sample thicknesses on each of the channels. Four glass samples of various thicknesses ranging
from 0.18mm to 1.14mm were examined to verify that the system was capable of measuring a
broad range of sample thicknesses and to resolve 0.02mm differences between samples.
Great lengths were taken to ensure the system was properly aligned using the techniques
discussed previously. Minor alignment adjustments were still necessary between glass samples.
In addition, various neutral density filters were required to adjust the power of the reference arm
to match that of the sample arm to maximize fringe contrast, modulation amplitude and to
minimize sensitivity roll-off.
Glass sample A was used to assess the rendered depth profile for each of the data analysis
Settings 1-4. Depth profiles at various translation increments of 0.254mm in a single direction
were qualitatively assessed for SNR by visual inspection. A total of 16 reference arm translation
positions were analyzed once the focal position of the sample arm was located in the middle of
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the sample and fixed. The total range of translation was 0.160in, with details shown in table 7.

Table 7. Reference mirror translation positions to taken to analyze Settings 1-4 of different
data processing techniques.
Figure 20 shows each of the rendered depth profiles. As expected, glass A contains only two
peaks separated by the optical thickness of the glass. Samples 1 and 2 are very noisy due to the
SNR resulting from Settings 1 and 2. It is clearly too low to easily identify the peaks that result
from the surfaces of Glass A. Settings 3 and 4 are better representations of depth profile plots of
Glass A. The difference between the two plots is a third broad peak at 2.1mm in Setting 4’s plot.
This peak could be a result of a ghost reflection in the system that is also interfering with the
reference arm. Over the 16 translated positions, the separation between the two desired peaks
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remain constant. However, in Setting 4, the broad peak centered at 2.1mm remained stationary
figure 20. Setting 3 has the same SNR as Setting 4 but subtracts the zero OPD interferogram in kspace as background. There is a small residual signal of the 2.1mm peak in the Setting 4 depth
profile plots.

Figure 20. Settings 1-4 data processing results.
Dual channel spectrometer arm sample measurement comparisons
Experiments 1, 2 and 3 compare left versus right spectrometer readings of different samples that
are the same for each spectrometer while Experiment 4 compares left versus right spectrometer
readings of different samples for each sample arm channel. Experiment 1 examines differences
in optical thickness of Glass A, a 1.73mm optically-thick sample in the rendered depth profile for
both left and right spectrometers. Experiment 2 examines differences in optical thickness of
Glass B, a 1.53mm optically-thick sample in the rendered depth profile for both left and right
spectrometers. Experiment 3 examines differences in optical thickness of Glass C, a 0.303mm
optically-thick sample in the rendered depth profile for both left and right spectrometers.
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Experiments 1, 2 and 3 compare left versus right spectrometer readings of different samples that
are the same for each spectrometer while Experiment 4 compares left versus right spectrometer
readings of different samples for each sample arm channel. Experiment 1 examines differences
in optical thickness of Glass A, a 1.73mm optically-thick sample in the rendered depth profile for
both left and right spectrometers. Experiment 2 examines differences in optical thickness of
Glass B, a 1.53mm optically-thick sample in the rendered depth profile for both left and right
spectrometers. Experiment 3 examines differences in optical thickness of Glass C, a 0.303mm
optically-thick sample in the rendered depth profile for both left and right spectrometers.
Experiment 4 examines differences in optical thickness between Glass C with a 0.303mm optical
thickness and C+D, a stacked sample containing two glass slides. Glass D, a 0.273mm opticallythick sample is mounted with Glass C. The left spectrometer and right spectrometers capture
depth profiles of independent glass samples simultaneously. Setting the focal position of the
sample arm at the center of the sample used the same techniques as previously described.
Because Glass C and D are so thin, imaging front and back surfaces were difficult with the
fringe-viewing CCD because the characteristic stars appeared to be at the same depth. To address
this issue, the right beamlet focal position was imaged onto the fringe viewing CCD of just Glass
C. Glass D was mounted on top of Glass C to minimize focal plane shift because light transfers
through Glass D first. The sample was then translated until the characteristic four-pointed star
pattern was seen, indicating the sample was centered at the sample arm focus, which was a
micrometer reading of 3.810mm (0.150”) (a characteristic only of this system with the current
alignment and sample) the sample position for both left and right beamlet path lengths. Images of
the left and right focal spot and fringe patterns are shown in figure 21.
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Figure 21. Fringe pattern and focal spot images onto fringe viewing CCD. Image on the left
shows the left beamlet channel sample arm focal spot, right spectrometers zero OPD fringe
pattern at maximum contrast. The right image is the right beamlet channel sample arm focal
point on the surface of the sample, and the left spectrometers zero OPD fringe pattern at
maximum contrast. The sample is not displaced to capture these images. The focal point of
the left and right beamlet channels are at the same location.
There is a small focal shift in the three-surfaced beamlet channel due to Glass D’s effects on path
length delay. The left spectrometer rendered a depth profile with three peaks and the right
spectrometer rendered a depth profile with two peaks, as expected. Data analysis Setting 3 was
used to render the depth profile of each glass sample.
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Figure 22 shows the depth profile results of all 4 experiments. Depth profile results for reference
mirror increment -0.040in from zero OPD is shown for Experiments 1, 2, 3 and 4. The

Figure 22. Experiments 1-4 left and right measured depth profiles.
translation increment -0.040in the left permitted enough peak shift for all three peaks of Glasses
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C and D above the DC term. The average peak-to-peak depth position values and optical
thickness are shown in table 8 of increment -1.016mm (-0.040in). Plot 1 show the glass

Left Spectrometer Right Spectrometer
Experiment 1
Glass A
Average Theoretical
thickness thickness
2.014
1.729
Experiment 2
Glass B
Average Theoretical
thickness thickness
1.804
1.532
Experiment 3
Glass C
Average Theoretical
thickness thickness
0.312
0.303
Experiment 4
Glass C
Average Theoretical
thickness thickness
0.295
0.303
Glass D
Average Theoretical
thickness thickness
0.287
0.273
Glass C+D
Average Theoretical
thickness thickness
0.579
0.576

Standard
Deviation
0.061

Average
thickness
2.043

Theoretical Standard
thickness Deviation
1.729
0.029

Standard
Deviation
0.049

Average
thickness
1.804

Theoretical Standard
thickness Deviation
1.532
0.031

Standard
Deviation
0.013

Average
thickness
0.324

Theoretical Standard
thickness Deviation
0.303
0.035

Standard
Deviation
0.018

Average
thickness
0.308

Theoretical Standard
thickness Deviation
0.303
0.031

Standard
Deviation
0.022
Standard
Deviation
0.023

Table 8. Experiments 1-4 average measured thickness (mm), theoretical thickness (mm), and
standard deviations for left and right spectrometers.
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Plot 1. Experiments 1-4 Thickness comparison plots of left vs. right, and measured average
sample thickness vs. theoretical sample thickness.
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thickness measured from each individual increment’s depth profile from zero OPD in both
positive and negative increment directions. Here, negative increments refers to the reference
mirror moving away from the beam splitter. The solid lines represent the measured data for left
and right spectrometers and the dashed lines represent the average thickness value calculated
from all increments for left and right spectrometers.
Symmetry between the positive and negative increments for each experiment and each
spectrometer were examined. Depth profiles rendered from negative increments always had peak
shift to the right along the “Depth-Zeta (mm)” axis, where Zeta refers to the z-direction term
following a Fourier transform. Depth profiles rendered from positive increments always shifted
the peaks to the left towards 0 along the “Depth-Zeta (mm)” axis.
In Experiment 4, the test micrometer read 0.150in, the reference mirror micrometer read
7.925mm at zero OPD. Again, these values are only applicable to this system for its
configuration when the experiment took place. Increment -1.016mm (-0.040in) had a reference
mirror micrometer reading of 6.910mm. This negative translation from zero OPD moved the
reference mirror mount further from the system which increases the optical path length that the
reference arm light propagates. By doing this, the depth profile shown in figure 23 for
Experiment 4 rendered sharp peaks at 0.9243mm, 1.207mm and 1.496mm. A positive increment
of +0.040in changed the reference micrometer reading from 7.925mm to 8.941mm.
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Figure 23. 1D depth profile displayed as an image with an overlaid intensity profile for
Experiment 4 left and right spectrometer.
The positive translation from zero OPD moves the reference mirror towards the system which
decreases the optical path length that the reference arm light propagates. By doing this, the depth
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profile shown in figure 24 shows broadened peaks.

Figure 24. Two 1D depth profiles of Glass C at two reference arm locations. The top depth
profile is a distance of 0.040” from zero OPD, while the second profile is distance of 0.100”.
Determining the centers of each of the three peaks was subject to increased human error without
additional data processing. The three peaks from Glass C+D read at 0.942mm, 1.203mm and
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1.521mm. These positive increment peaks were nearly the same as the negative which was a
result of proper sample arm focus centering into the sample. When the sample arm focus is not
perfectly centered in the sample, the positive increments move into the DC term and then back
out. This reverse and then forward peak movement can be seen in figure 25. Here, the positive

Figure 25. Effects on depth profile appearance by positive and negative translation of the
same increment translation ±0.508mm (±0.020in).
62

peaks are nearly on top of one another, but the negative peaks are neatly spaced. Importantly, the
distance from a peak to zero and back to the other peak is exactly the same value as the negative
sharp peak separations. As a result, sample thickness information is not lost. However, depth
profiles rendered from negative increments provide more straightforward and obvious thickness
results.
The differences between caliper-measured optical thickness and system-measured optical
thicknesses for each glass sample and spectrometer are shown in table 8.
Translation correlation plots between the physical translation of the reference mirror and peak
shifts are an intuitive way to verify the system is operating correctly. Therefore, when the
reference mirror is translated to 0.254mm, it is expected that the peaks rendered on the depth
profile shift an equal distance. Plot 2 shows correlation plots for each experiment, each
spectrometer, each glass sample, and each peak. We anticipated that each correlation plot would

Plot 2. Reference mirror translation and measured peak shifts on depth profiles of both left
and right spectrometer experiment results correlation plot.
have a slope of 1. However, this was not the case in any of the numerous experimental situations.
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Slopes ranged from 1.148 to 1.249. The average slope for all experiments, all spectrometers, all
samples, and all peaks was 1.191 with a standard deviation of 0.030. A simple explanation is that
the index of refraction of the glass is wrong. Since it was assumed, this could likely be the source
of the 19% slope deviation from the expected value. Alternatively, if the index of refraction is
1.517, the slope can be easily corrected with a fudge factor to correct for a system calibration.
Determining thickness of sample via fringe pattern results
Before a glass sample was thoroughly tested, a quick sample thickness test was completed with
the fringe viewing CCD (Element D). Initially, the left beamlet channel was focused between the
two surfaces of Glass C as shown in figure 13. The reference mirror was translated until the first
zero OPD fringe pattern was visible. The reference arm micrometer read 7.925mm (0.312in).
The reference arm was translated again until a second zero OPD fringe pattern was visible. The
reference arm micrometer read 7.646mm (0.301in). The difference between the first and second
surface interference fringe patterns was 0.276mm (0.011in). Glass C has a physical thickness of
0.20mm (0.00787in) and optical thickness of 0.302mm (0.0119in). The theoretical and measured
optical thicknesses were nearly identical down to the accuracy of the micrometer of 0.025mm
(0.001in).
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CHAPTER 5
Conclusion
The modification of having multiple parallel channels in the sample arm extend the utility of
current SD-OCT systems. The ability to measure an array of points on a sample allows for a
single snapshot to analyze and monitor substructures within the human body. Ocular disorders
such as macular degeneration require multiple measurements of the same location of the retina
over time. Macular degeneration is a thinning of the retina, and proper diagnosis of this disorder
requires multiple measurements over a period of time to monitor retinal thickness. Our future
SD-OCT will system require no scanning components to capture a 200x200 array. Our current
2x1 dual-channel system requires that the reference arm translate in increments of 0.254mm to
change the FOV and to identify the peaks within the rendered depth profile. With this novel
multi-channel system, a single capture measures multiple locations on the retina and eliminates
motion artifacts. Currently, a 1x2 beamlet array was employed in the sample arm as a proof of
concept.
The dual-channel SD-OCT system was tested using multiple glass samples of various thickness.
The ability of the system to measure correct thicknesses was experimentally validated with four
glass samples of various optical thicknesses up to 1.729mm. System characterizing calculations
of axial resolution, coherence length, lateral resolution, depth of focus, and full spectral
bandwidth were determined. The axial resolution of the system was 6.919um, the coherence
length was 4.547um, the lateral resolution was 3.158um, the depth of focus was 3.452mm, the
full spectral bandwidth was 101.98nm, and an adjustable source maximum power was 11mW.
Additional experiments can be performed to characterize the actual system characteristics. The
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axial resolution is marginally lower than available commercial SD-OCT systems. The thinnest
glass sample tested was 0.273mm which was far above the axial resolution. The maximum
thickness of a glass sample in this study was 1.729mm which fell below the maximum depth of
focus 3.452mm. The center-to-center beamlet focal separation on the sample’s substructures was
6mm. The typical area measured by commercial scanning SD-OCT systems is 6mm x 6mm with
200 x 200 measured points. This system has the ability to increase the number of measured
points on the sample by increasing the number of lenses the beamlet array.
The purpose of Experiments 1-3, was to look at the same sample to see if there was a significant
difference between the two spectrometers. Additionally, we were able to determine if the
thickness measured from the depth profile was close to the theoretical optical thickness. For all
three experiments, there was no significant difference between the thicknesses measured for each
spectrometer even though the thicknesses of the glass differed significantly. These results show
that the spectrometers are functioning identically with respect to sample thickness. However, the
theoretical optical thickness was significantly less than the measured optical thickness, although
it still has a linear relationship Plot 3 with a 19% increase in measured thickness. The simplest
explanation is that the assumed refractive index was incorrect since the actual refractive index
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for the samples is unknown. However, microscope slide glass typically has an index of refraction
of about 1.51-1.52. In order for the theoretical and measured optical thicknesses to be the linear
within the standard deviation, the index of refraction would need to be 1.62, which is unlikely. It
is unknown what system characteristic is causing this thickness error, but it can be easily

Plot 3. Left and Right spectrometer theoretical vs. measured sample thickness correlation
plot.
accounted for with two steps. First, the thickness if sample with a known refractive index and
thickness should be measured by the system. This would provide the actual deviation that can
then be correct with a fudge factor because it is linear.
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The standard deviations for each sample thickness measured ranged from 13-50 microns for
slides with theoretical optical thicknesses of 0.303 to 1.729mm. Some of this deviation is likely
attributed to user error when selecting sample surface peak data points to obtain thickness
measurements, especially when peaks are wide with poor SNR, as is the case at the edge of the
spectral limits for the broadband source. Data processing to smooth the data should dramatically
increase the accuracy, precision, and speed of peak selection by allowing this task to be
automated.
The purpose of experiment 4 was to determine if the same sample layer thickness is affected
under different environmental conditions, i.e., if an additional layer in only one of the channel
affects thickness of deeper sample layers. The results show there is no significant difference for
the thickness under these two different conditions. With two stacked glass samples, it was
expected the depth profile would contain three peaks rather than two, and the results validated
these expectations. The other objective of experiment 4 was to determine if the deepest surfaces
are visible when there are multiple layers. The left channel had two stacked slides, and the results
show that the deepest signal is easily resolved. It would be useful to quantify the attenuation of
deep surfaces when light is attenuated from other layers. This would have been possible, but it
would require the system to be able to acquire interferogram data at the same time to compare
signal intensity because the system components can change sensitivity and intensity over time.
It is understood that clinician-to-clinician diagnosis of certain diseases based on retinal thickness
and has an element of subjectivity that can affect prognosis and other factors. Clinicians are
provided with a plethora of information from the standard 200 x 200 retinal scans from which
they interpret subjectively for their diagnosis. To simply the matter, a decreased sampling using a
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3 x 3 beamlet array covering the same scanned area could be sufficient and measure the same
points on the retina time and time again to monitor thickness changes.
The results have verified the premise that the device is operating properly. The novel parallel
multi-channel system has many advantages over other OCT systems for retinal imaging because
it has the potential for automated data analysis and requires minimal expertise to use. The data is
easy to interpret, has low storage requirements, is rapidly acquired, and is motion-artifact free.
The device is compact, robust, and is less costly to maintain, build, and use.
FUTURE WORK
Future project directions include increasing the number of measured back-reflected surfaces of a
sample to be representative of the retinal sublayers, and expanding the number of beamlets
within the array to capture additional focal points to increase sampling of the retina’s 6mm x
6mm macula. If the number of beamlets are increased, modifications to the spectrometer design
will be necessary. Also, automation of data acquisition, processing, and the depth profile surface
peak-center detection is an important step to streamline system calibration and minimize user
manpower. Finally, the implementation of advanced data analysis techniques such as phase
shifting to capture the phase information [23].
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