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Design and Simulation of an Ultrahigh-resolution Spectral-domain Optical

Coherence Tomography

Abstract

Background: Optical coherence tomography (OCT) is a biomedical imaging technique used to
achieve high-resolution images from human tissues in a noninvasive manner. Methods: In this article,
a practical approach is proposed for designing ultrahigh-resolution spectral-domain OCT (UHR
SD-OCT) devices. At first, block diagram of a typical SD-OCT is introduced in detail. At second,
internal components of each arm are introduced where the key parameters of each component are
highlighted. At third, the effects of these key parameters on the overall performance of the UHR
SD-OCT are investigated in a comprehensive manner. At fourth, the most important requirements of
a UHR SD-OCT are explained, where suitable optical equipment is selected for each arm based on
these requirements. At fifth, optical accessories as well as the electrical devices required for managing
and control of the performance of a UHR SD-OCT are introduced in brief. Results: Performance of
the proposed device is assessed through various simulations, and finally, the implementation cost and
implementation challenges are investigated in detail. Conclusions: Simulation results indicate that
the proposed UHR SD-OCT has acceptable axial resolution and imaging depth; hence, it is a good
candidate for use in retinal applications that require UHR imaging.
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In OCTs, the light ray produced by the
light source is divided into two parts: the
first part is transferred to the reference arm
while the second part is transferred to the
sample arm. The light ray transferred to the
reference arm hits the reference mirror and
returns back while the light ray transferred
to the sample arm penetrates into the
sample tissue and returns back. Both the
returned light rays interfere with each other
where the resultant light ray is transferred
to a detector for image construction.

Introduction

Optical coherence tomography (OCT) is
a biomedical imaging technique used to
achieve high-resolution two-dimensional
(2-D) and three-dimensional (3-D) images
from human tissues in a noncontact
noninvasive manner. One of the most
popular usages of OCT devices is in retinal
imaging.[*?

The basics of OCT imaging are almost
similar to ultrasound imaging with one
difference that in OCT a broadband light
source is used for image construction
instead of an acoustic source. As a result,
due to higher travel speed of a light ray
in comparison with a sound, it is not
possible to measure the travel time of
the radiated light ray through common
measurement tools.’] Therefore, special
optical elements must be adopted in OCTs
to extract the information and construct
the image.

To achieve a proper interference, returning
light rays from both the sample and
reference arms must reach the fiber coupler
in a same time. Since travel speed of the
light in both the arms is the same, to satisfy
the constrained, above, it is essential that
both the sample and reference arms have
the same length.!

In the first generation of OCTs, referred
to time domain-OCT (TD-OCT), the
reference mirror is moved quickly to scan
the preferred depth of the sample tissue.
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Due to limitations in mechanical movement of the reference
mirror, the resultant scan rate of TD-OCTs is below the
minimum requirement of high-performance applications.!”!

To overcome this shortcoming, the second generation of OCTs,
referred to Fourier domain-OCT (FD-OCT), is proposed in
which no movable mirror is required. In FD-OCTs, a special
light source as well as a high-resolution spectrometer arm
is adopted to extract the depth information of the sample
tissue.® So far, FD-OCTs are categorized in two types: spectral
domain-OCTs (SD-OCTs) and swept source-OCTs (SS-OCTs).

In SD-OCT, a light source with high bandwidth is adopted to
achieve the required axial resolution. Moreover, output beam
of the light source is transferred to a fiber coupler that divides
the light beam into two parts. Similar to TD-OCTs, the first
part is transferred to the reference arm and the second part
is transferred to the sample arm. Then, the returned light
rays interfere with each other where the obtained light ray is
transferred to the spectrometer arm. In the spectrometer arm,
the light ray is decomposed into its constituent light rays
which are focused on a line-scan camera pixel array. Finally,
the digital output of the camera is transferred to a personal
computer (PC) where several processing algorithms such as
noise cancellation, common mode term rejection, moving
average filtration, and inverse fast Fourier Transformation ~!
are applied to construct the images.[*!%!

In SS-OCTs, a narrow bandwidth laser is used as a light
source where the central wavelength of the laser source is
swept very quickly; that is, in SS-OCTs, instead of using
a movable reference mirror, a laser source with variable
central wavelength is adopted.'!! Performance of SS-OCTs
is just similar to SD-OCTs with this difference that instead
of a spectrometer arm, a detector array is used in SS-OCTs
to construct the images. To do this, the light beam generated
after interference is applied to a detector array, and then, the
voltage sensed by each detector is converted to a digital value
using a fast data acquisition (DAQ) card.'” The generated
digital values are used to construct the OCT image.!"*]

According to the structure of SD-OCT and SS-OCT, pros

and cons of each type can be summarized as follows:

(1) In SS-OCT, narrow bandwidth, high speed, frequency
swept-able laser sources are necessary for image
construction which increases the implementation cost
significantly'¥

(2)In SD-OCT, a line-scan camera is necessary in
spectrometer arm which degrades the A-scan rate.
Therefore, A-scan rate of SD-OCTs is significantly
lower than that of SS-OCTs!"”!

(3) In SD-OCT, a broadband light source as well as a
high-resolution spectrometer arm must be used for
image construction; hence, axial resolution and phase
stability of SD-OCT are considerably higher than that
of SS-OCT

(4) In SS-OCT, images are constructed by adopting a
detector array as well as a DAQ card. However, in

spectrometer arm of a SD-OCT, complex optical
elements must be used to obtain image information.
As a result, design, implementation, and performance
evaluation of SD-OCTs are more complex; hence, the
main topic of this study is dedicated to feasibility study
of ultrahigh-resolution SD-OCT (UHR SD-OCT) design.

In recent decades, SD-OCT becomes a widely popular
imaging technology used in many clinical applications.
Despite such fast growth, the technology behind
constructing these devices has been limited to some
countries and not been readily accessible to many
researchers due to the cost of the commercially available
devices and lack of essential knowledge in the field of
optics. To overcome this shortcoming, mentioned above,
this article aims to provide a detailed procedure on the
design of a custom UHR SD-OCT device. The effects of
multiple design parameters on the overall performance of
the imaging system are analyzed while discussions are
provided to serve as a guideline for the development of a
SD-OCT system. While this article can be generalized for
different applications, the article focuses on the design of
a SD-OCT system that can be used in retinal applications.
Based on a study by Chinn et al,'¥ the resolution of
available commercial SD-OCTs is not sufficiently high to
predict the diabetic diseases from the obtained images; that
is, by increasing the resolution of the SD-OCT images the
probability of early-stage detection of diabetic disecases
can be increased effectively. Therefore, this article focuses
on the design procedure of a UHR SD-OCT that can be
used in retinal applications. The article explains procedures
to measure the axial and lateral resolutions and field of
view (FOV) of the system and to understand the trade-off
between optical specifications of a typical SD-OCT.

The organization of this article is as follows: in Section II,
internal structure of SD-OCT is presented, whereas in Section
II, the procedure of optical system design is presented.
In Section IV, a UHR SD-OCT is designed and its optical
elements are selected. Simulation results are presented in
Section V and conclusions are presented in Section V1.

User Requirements and Risk Analysis
User requirements

User requirements are the fundamental requirements affect
the development of any medical device. After assessing
recent traditional SD-OCTs and conducting several meetings
with expert ophthalmologist, fundamental requirements of the
desired UHR SD-OCT that can be used in retinal application
are identified carefully and are tabulated in Table 1. Design
and development of the UHR SD-OCT must be conducted
such that all of the user requirements are satisfied.

Risk analysis

Risk analysis is another fundamental issue that affects
the development of any medical device. After conducting
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several meetings with expert ophthalmologist, the following

three issues are the most common risks evident in the

OCTs:

(i) Damage to the patient retina due to impermissible
radiation time or intensity

(i1) Incorrect scanning of the cross-section of the patient
retina due to improper control of the galvanometric
mirrors

(ii1) Improper extraction of A-scans from the raw A-scans
due to improper execution of digital signal algorithms.
Design and development of the UHR SD-OCT must
be conducted such that all of the risks, above, are
mitigated.

Internal Structure of Spectral Domain-optical
Coherence Tomography

System requirements

In the following paragraphs, optical components of the
proposed UHR SD-OCT are introduced according to the
user requirements and risk analysis mentioned in Section
II. After that, each component is designed in a way that
it addresses one or more system requirements or mitigates
one or more risks.

Light source and its accessories

Block diagram of a SD-OCT as well as its optical
equipment is illustrated in Figure 1. As mentioned earlier,
a low-coherence light source must be used in SD-OCTs to
achieve high-resolution images.

Often in SD-OCTs, a super luminescent diode (SLD) is
used as a light source. The power spectral distribution of

Spectrometer Arm
lens diffraction ; :
pixel mechanism grating o
array
\
\

SLD optical

light source isolator

the SLD has significant effects on the overall performance
of SD-OCT. Based on Ishida et al., and Braaf et al, ¢!
Gaussian distribution is the best distribution for the SLD
light sources used in SD-OCTs.

Often, a small portion of the light transferred to the arms
is returned back to the light source. This returning ray
can damage the light source; hence, an optical isolator is
placed after the light source. Optical isolator provides a
unidirectional path for the light; that is, the light entered into
the isolator can travel without any significant attenuation
while the returning light ray is attenuated significantly.!'®)

A fiber coupler is placed after the optical isolator to
divide the light into two parts. Fiber coupler performs the
following two tasks:

(1) Divides the light into two parts with adjustable
intensities while the wavelength specifications of both
the parts are just similar to the main light. The light
rays returned back from the sample and reference arms
interfere in the coupler

(2) Transmits the light generated from the interference to
the spectrometer.!'”!

Fiber couplers are accessible with different power ratios
where the best option is selected based on the intensity of
the light source and the OCT application.”

Sample arm

Lateral resolution and maximum FOV of SD-OCT depend
on the optical elements used in the sample arm.?"?
Graphical representation of lateral resolution, depth of
focus (DOF), and FOV is illustrated in Figure 2.
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Figure 1: Block diagram of a typical spectral domain-optical coherence tomography. SLD: Super luminescent diode
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Based on Figure 1, sample arm of a SD-OCT consists of
the following components:

Collimator

Galvanometric mirrors

Objective lens.

In the following paragraphs, a brief description is provided
about these components.

Collimator: Collimators usually consist of one or more
lenses. Collimators must be placed in the entrance of all
the SD-OCT arms to connect the optical fiber with FC/
APC connector to the arms.*’!

Collimator performs the following two tasks in the sample

arm:

(i) Parallelizes the light ray entered into the arm to
produce a light ray with specified diameter. Diameter
of this parallelized light depends on the collimator
specifications. The parallelized light ray travels in the
sample arm, penetrates into the sample, and returned
back to the collimator

(i1) Focuses the light ray travels back from the sample
tissue to the central point of the optical fiber.

Collimator must be designed and fabricated such that the
entrance of the sample arm exactly coincides with the focal
point of the collimator lenses. Since satisfying this constraint
is tedious and requires special equipment, collimators are
usually manufactured as a package with FC/APC connector
where the position of the connector with respect to the
lenses is tuned precisely by the manufacturer.*¥

Galvanometric Mirrors: In OCTs, the light spot must
be traveled around the cross-section of the sample to
achieve 2-D images.”) To do this, two galvanometric
mirrors must be used where each mirror is attached to
a dedicated servo motor equipped with a high-precision
driver. The servo drivers have the ability of close-loop
angle control with microradian precision and fast
dynamic response.2¢27]

Objective Lens: Lateral resolution, DOF, and maximum
FOV of an OCT depend on the type of the objective lens
and its specifications.?®?! Often, high-quality scan lenses
are selected as the objective lens to achieve the desired
lateral resolution and FOV. Objective lens is one of the
most expensive optical elements used in an OCT.

Maximum Scan Angle 6,

Depth of Focus

<

\ \
\Bmax \
\ \
X \
\ \
\ \ o
Objective Lens
A Lateral Resolution
ox
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! _1_ _ Axial Resolution
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Figure 2: Graphical representation of axial resolution, lateral resolution, dep

4

th of focus, and field of view!?%!

Journal of Medical Signals & Sensors | Volume 15 | Issue 4 | April 2025



Vafaie, et al.: UHR SD-OCT design and simulation

Reference arm

Optical behavior and length of reference arm must be
similar to that of the sample arm. By satisfying this
constraint, light rays travel equal lengths in the sample
and reference arms; consequently, they return back to the
coupler at the same time.?"

Based on Figure 1, reference arm consists of the following
components:

» Collimator

» Dispersion compensator

» Reference mirror.

In the following paragraphs, a brief description is provided
about these components.

Collimator: The role of collimator in reference arm is
exactly the same as its role in the sample arm; that is, the
same collimator used in the sample arm is selected for the
reference arm.

Dispersion Compensator: Various divergences occur
when the light travels along the objective lensP! while
these diverges are not occurred in the reference arm.
Since optical behavior of both the arms must be the
same, similar diverges must be applied to the light
travels along the reference arm. Therefore, instead of
an objective lens, a dispersion compensator is used in
the reference armB? to generate the required diverges.
It must be noted that optical component manufacturers
produce a correspondent dispersion compensator for each
objective lens which has similar optical divergences with
significantly lower cost.

Reference Mirror: A high reflective mirror must be placed
at the end of the reference arm so that the light ray hits to
this mirror returns back without any variation. To do this,
a high-quality mirror with gold or silver coating is used in
the reference arm.B*

Spectrometer arm

Although axial resolution of a SD-OCT depends on central
wavelength and bandwidth of the light source, improper
design of the spectrometer arm can degrade the axial
resolution significantly.®* Based on Figure 1, spectrometer
arm of a SD-OCT consists of the following components:

* Collimator

+ Diffraction grating

* Lens network

* Line-scan charge-coupled device (CCD) camera.

In the following paragraphs, a brief description is provided
about these components.

Collimator: Role of collimator in the spectrometer arm is
exactly the same as its role in the sample arm.

Diffraction grating: Diffraction grating is the key component
of spectrometer arm since the light beam entered into
the spectrometer is decomposed into its constituent
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wavelengths through this component.’™ Diffraction gratings
are constructed such that when a broadband light beam is
radiated to them the beam is diffracted to numerous light rays
with different exiting angles where the exiting angle of each
ray is in relation to the wavelength of the diffracted ray.*"

Lens Network: All of the diffracted light rays must be
focused on the pixel array of the CCD camera placed in
the spectrometer. Since exiting angle of diffracted light rays
is different with each other, a special lens network must be
placed after the grating to focus each of the diffracted light
rays into a unique pixel on the CCD camera pixel array.l”

CCD Camera: Line-scan CCD camera is placed at the
end of spectrometer. Each pixel of a CCD camera has a
dedicated capacitor which is charged in accordance with
the intensity of the light ray radiated to the pixel;%*
that is, by measuring the voltage of each capacitor, the
intensity of the corresponding light ray can be identified.
Intensity of each ray provides an information about a
specific depth into the sample tissue.*”! Consequently,
depth profile of the sample, which is referred to a raw
A-scan, can be obtained by measuring the voltage of the
CCD camera capacitors.

CCD cameras are equipped with a fast analog-to-digital
converter which is used to convert the voltage of the
capacitors into a digital array.*'! The generated digital
array is transferred to a PC through a high-speed data
transmission protocol such as Gigabit Ethernet or Camera
Link. The transmitted data are received in the PC where the
final A-scan of the sample is obtained by applying various
digital signal processing algorithms to the received data.

Optical System Design
Light source and its accessories

In SD-OCT, the SLD used as a light source must be
chosen based on the desired axial resolution and maximum
penetration depth.*?l  Axial resolution and maximum
penetration depth in an environment with refractive
coefficient of n can be calculated through (1) and (2),
respectively:

5o 22 A"
nm AL (1)
N2

Zma,\* =
4nAl )

Where, §z is axial resolution, z,,, is maximum penetration
depth, A, is central wavelength of light source, AAZ is
bandwidth of light source, n is refraction coefficient, and
N is the number of CCD camera pixels.

Light source

Light source is the most important element among the
optical components of an SD-OCT due to the fact that axial

5
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Table 1: User requirements of the desired
ultrahigh-resolution spectral-domain optical coherence

tomography
Feature Value
A-scan rate >70 kHz
Axial resolution (retina) <3 um
Lateral resolution (retina) <15 um
Maximum imaging depth >1.5 mm

Field of view >15 mm X 15 mm

resolution and penetration depth depend on the light source
specifications. Moreover, the other optical components must
be selected by considering the light source characteristics
such as central wavelength, bandwidth, power intensity, and
spectral power distribution.*/ In the following paragraphs, a
brief explanation is provided about each of these parameters.

Central wavelength: An important issue in the selection of
central wavelength is the amount of light that is absorbed
by the sample when the light passes through it. The UHR
SD-OCT proposed in this article is designed for retinal
application.

The light energy absorption in the retinal layers is similar
to energy absorption of the water. Based on a study
by Leitgeb et al,™! the amount of absorbed energy in
the water becomes so high for wavelengths >1000 nm.
Therefore, the central wavelength of the light sources used
in retinal applications is adjusted to around 850 nm which
is appropriately lower than 1000 nm.

Bandwidth: According to Jorjandi ef al,® the imaging
depth is increased by decreasing the bandwidth of the light
source while the axial resolution is decreased in the same
condition; that is, a trade-off exists between axial resolution
and maximum imaging depth.

Power distribution: SLD light sources with Gaussian power
distribution must be used in SD-OCTSs; otherwise, the effective
bandwidth is decreased which degrades the axial resolution.

Power intensity: According to ANSI standard, " to protect
the patient’s retina against hazardous radiation, the intensity
of the radiated light ray must be kept below the maximum
permissible value.

Fiber coupler

Fiber coupler is used to transfer a specified percent of
the light into the sample and reference arms. Therefore,
power ratio of the fiber coupler must be chosen based on
the intensity of the light source output and the threshold
value specified in ANSI standard. Moreover, the central
wavelength and bandwidth of the fiber coupler must be
similar to that of the light source."”

Polarization controller

To achieve the maximum interference in the fiber coupler,
polarity of the light rays returned back from the sample

6

and reference arms must be adjusted properly. Therefore,
polarization controllers are placed before the sample and
reference arms to adjust the light ray polarity.™®

Sample arm
Collimator

Lateral resolution of an OCT is equal to spot size of the
light ray on the sample tissue where the amount of spot
size depends on the diameter of the light ray travels in the
sample arm.

Beam diameter in the sample arm is adjusted by the
collimator; that is, the collimator must be selected based
on the preferred lateral resolution. Moreover, operating
wavelength range of the collimator must be equal or greater
than that of the light source.*”!

Galvanometric mirrors

Galvanometric mirrors are used in sample arm to move
the light spot around the cross-section of the sample.
Resolution, angle step response, and maximum scan angle
are the important parameters that must be considered in
selection of galvanometric mirror.%

Resolution: Resolution indicates the precision of galvanometric
mirror and its control system in scanning the cross-section of
the sample. Often, the resolution of galvanometric mirrors is
in the range of several 10 microradians.

Angle step response: Angle step response is in direct
relation to dynamic response of the mirrors. Often, angle
step response of galvanometric mirrors is in the range of
several hundred microseconds.

Maximum scan angle: Maximum scan angle indicates the
range that can be scanned by the mirrors.
Objective Lens

Lateral resolution, DOF, and maximum FOV of a SD-OCT
depend on the objective lens. Focal length, diameter, operating
wavelength range, and FOV are the important parameters that
must be considered in selection of the objective lens.

According to Lee et al.," lateral resolution and DOF can
be calculated as follows:

Ox = 2~/2In2 ﬁ
nad (3)
7o’

A 4)

b:

Where ¢ox is lateral resolution, f is focal length, d is
beam diameter, 5 and is DOF.

According to Nassif et al.,®! and Ikuno and Tano,™ it can
be observed that a trade-off exists between lateral resolution
and DOF; that is, DOF is reduced by improving the lateral
resolution (reducing the magnitude of ox ).
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Reference arm

Optical components of the reference arm must be selected
in accordance with the sample arm components.

Collimator

A collimator similar to what is used in the sample arm
must be used in the reference arm.

Dispersion compensator

This component must be chosen in accordance with the
objective lens; that is, after selecting an objective lens, its
corresponding dispersion compensation is selected based
on the guidance of the objective lens manufacturer.?

Reference mirror

Reference mirror is selected with the objective of obtaining
the maximum reachable reflectivity. Various types of
mirrors with gold or silver coating are accessible with
reflectivity coefficients up to 99%.

Spectrometer arm
Collimator

To achieve the proper spot size in the CCD camera pixel
array, a larger beam diameter is required in the spectrometer
arm in comparison with the beam diameter in the sample
and reference arms.™¥ It must be noted that, if spot size
of the light ray on the pixel array is not adjusted properly,
axial resolution is degraded significantly.

Diffraction grating

In the spectrometer arm, a diffraction grating is essential
to diffract the light beam into its constituent wavelengths.
Diffraction grating must be selected by considering the
following parameters: central wavelength, operating bandwidth,
number of grooves, diffraction efficiency in the operating
bandwidth, and radiation angle.’* In the following paragraphs,
a brief description is provided about these parameters:

Central wavelength and bandwidth: These two parameters
must be compatible with the parameters of the selected light
source; otherwise, the effective bandwidth of the light source
is reduced which leads to degradation of the axial resolution.

Number of grooves: The number of light rays generated by
a diffraction grating as well as the exiting angle of each
ray depends on the number of the grating grooves.’ For
a 1800 line/mm diffraction grating, 1800 grooves exist in
each millimeter.

Efficiency: This parameter indicates the strength of the
grating in diffraction of the radiated light beam.

Radiation Angle: To achieve the highest diffraction efficiency,
the light beam must be radiated to the grating surface with a
specified angle. After radiating the light to the grating, the
light beam is decomposed into its constituent wavelengths
where the exiting angle of each ray is calculated as follows:

Journal of Medical Signals & Sensors | Volume 15 | Issue 4 | April 2025

‘ s -1 ZAi_ﬂ’ODG)

24y (5)
where is A, wavelength of the light ray radiated to the
grating, Aopc is central wavelength of the grating, and
d, is the distance between two consecutive grooves.

Lens network

Lens network must be designed by considering the

following two constraints:

1. Each diffracted ray must be focused on a unique pixel

2. Spot size of each light ray on the pixel array must be
almost equal to the pixel size.

Based on a study by Davila et al,P% to satisfy the two
constraints, above, the effective focal length of the lens
network must be equal to the following equation:

pixels number * pixel size

2 tan(%

min )

f=
(6)

Where, «,, and «,, are the maximum and minimum
values of the exiting angles calculated by (5), and f is
effective focal length of the lens network.

To achieve the desired focal length, the number of lenses
used in the network, focal length and radius of each lens,
relative distance of the lenses from each other, and their
positioning angles with respect to the diffraction grating
surface must be adjusted carefully.

Spot size of each diffracted light ray on the pixel array can
be calculated as follows: 7

w, = 2~/2In2 IA
7d (7)

Where is spot size of i diffracted light, f is calculated by
(6), d is diameter of the light beam, and 4, is wavelength
of i diffracted ray.

Charge-coupled device camera
CCD camera is the slowest part of a SD-OCT; hence,

A-scan generation rate of a SD-OCT is equal to line-scan
rate of the CCD camera.

The following parameters must be considered in selecting
the CCD camera: pixel size, number of pixels, line-scan
rate, and data transmission protocol.

Number of pixels: According Jorjandi et al.,'” maximum
penetration depth of a SD-OCT depends on this
parameter.

Pixel size: Spot size of the diffracted light rays must be
adjusted based on this parameter.

Line-scan rate: This parameter identifies the A-scan rate of
a SD-OCT.



Vafaie, et al.: UHR SD-OCT design and simulation

Transmission protocol: Often, Gigabit Ethernet or Camera
Link is used as the transmission protocol of CCD cameras
where data transmission rate in Camera Link protocol is
significantly higher.

Optical Component Selection
Light source and its accessories

According to the user requirements, specifications of
the desired UHR SD-OCT that can be used in retinal

application are tabulated in Table 1. According to Mahmudi
2

> AL
smaller than 0.6874 to achieve the desired axial resolution.

To find a proper light source, the most relevant products
of various companies are assessed where the results are
summarized in Table 2. As observed, EBS300002-03 light
source made by Exalos Inc. is the best choice among the
others.

et al.,"" and Table 1, since n is 1.336 for retina must be

According to risk analysis, intensity of the light ray radiated
to the patient’s eyes must be kept below the maximum
permissible value reported in ANSI standard. To satisfy
this constraint, EBS300002-03 is equipped with an internal
protection unit that control the output intensity continuously.

Based on the selected light source specifications,
TWS850R5A2 [Table 3] made by Thorlabs Inc.® is selected
as the fiber coupler and I0-F-SLD100-840 [Table 4] made
by Thorlabs Inc. is selected as the optical isolator.

Sample arm

According to Nassif et al,’! and user requirements
tabulated in Table 1, since n is 1.336 for retina, the value

of 'y must be smaller than 30.901 to achieve the desired
lateral resolution. Since is adjusted by the collimator,
proper collimator is selected at first.

Collimator

Often, beam diameter in the sample arm of a SD-OCT is
adjusted to 1.2—-1.8 mm.™¥ Hence, F240APC-850 [Table 5]
made by Thorlabs Inc. is selected as the collimator.

Objective lens

According to Table 5, beam diameter in the sample arm
is 1.74 mm; hence, focal length of the objective lens must
be smaller than 54.11 mm to achieve the desired lateral
resolution. On the other hand, maximum FOV of a SD-OCT
is equal to maximum FOV of the objective lens; that is, FOV
of the selected objective lens must be greater than the FOV
value presented in Table 1. Therefore, LSM54-850 [Table 6]
made by Thorlabs Inc. is selected as the objective lens.

Galvanometric mirrors

According to requirements of the galvanometric mirrors
presented in subsection 3.2.2, GVSMO002-ECLM [Table 7]

8

made by Thorlabs Inc. is selected as the galvanometric
mirror system. GVSMO002-ECLM includes two DC servo
motors, two galvanometric mirrors, two high-precision
position control driver boards, and a low-noise linear power
supply. Driver boards can control the mirrors in a closed-loop
manner with high precision, negligible steady-state error, fast
dynamic response, and ultra-low oscillation and drift.

Reference arm
Collimator

The same collimator used in the sample
i.e., F240APC-850, is selected for the reference arm.

arm,

Dispersion compensator

LSM54DCI1 [Table 8] which is suggested by Thorlabs Inc.
to use as the corresponding dispersion compensator of
LSM54-850 objective lens is selected for the reference arm.

Reference mirror

Protected gold mirrors are ideal choices for use in
infrared wavelength range since they are insensitive to
angle of radiation and have very high reflectivity; hence,
PF10-03-M0O1 [Table 9] which is a gold-coated mirror
made by Thorlabs Inc. is selected as the reference mirror.

Spectrometer arm
Collimator

Often, the collimator placed in spectrometer arm is selected such
that its output beam diameter be larger than that of the sample
arm; hence, F260APC-850 [Table 10] made by Thorlabs Inc. is
selected as the collimator for the spectrometer arm.

Diffraction grating

According to the requirements presented in subsection 3.4.2,
WP-HD1800/840-25.4 holographic grating [Table 11] made
by Wasatch Photonics Inc.? is selected as diffraction grating
for the spectrometer arm. This grating has excellent efficiency,
minimum stray light, and negligible polarization dependency.

Based on Srinivasan et al,'”! and Table 11, since A, varies
between 815 and 915 nm, «; varies between 45.37 and 63.11°.

Charge-coupled device camera

According to the requirements presented in subsection 3.4.4,
EV71YEM4CL2010-BA9 line-scan camera [Table 12]
made by E2V Semiconductor Inc./*¥! is selected as the CCD
camera. This camera is a special version of AVIIVA EM4
line-scan cameras produced for OCT applications.

Based on Zhang et al,” and Table 12, the effective focal
length of the lens network must be 65.6 mm to achieve
the desired axial resolution. However, according to Drexler
et al. [ since 4; varies between 815 and 915 nm, W, varies
between 12.07 and 13.55 #m which is a bit larger than the
pixel size of the selected CCD camera. Consequently, the
axial resolution is degraded effectively.
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To overcome this problem, effective focal length of the lens
network must be reduced to 48.4 mm. By doing so, W, varies
between 8.90 and 10 #m . Consequently, based on Drexler
et al,! the number of pixels that receipt the light rays is
reduced to 1511 pixels which reduces the maximum imaging
depth; that is, a trade-off exists between axial resolution and
maximum imaging depth. Since axial resolution has the highest
priority among the other features, in this study, effective focal
length of the lens network is adjusted to 48.4 mm to achieve
the best axial resolution. Therefore, based on Jorjandi et al.,”
and Table 12, the maximum imaging depth is 2.115 mm.

As mentioned earlier, A-scan rate of SD-OCT is equal to
line-scan rate of the selected CCD camera. As a result,
based on Table 12, A-scan rate of the designed UHR
SD-OCT is 70 kHz.

Lens network

Lens network must be designed such that all diffracted rays
be focused on the CCD camera pixel array. To satisfy this
constraint, lens network must be designed by considering
the selected CCD camera parameters [Table 12] as well
as the preferred focal length and spot size identified in
subsection 4.4.3.

To find the best lens network, various optical systems are
simulated in ZIMAX software. After investigating the
simulation results and comparing the performance of the
networks with the desired performance, the lens network
illustrated in Figure 3 is selected as the best choice. As
can be observed, two unmounted achromatic doublet lenses
with the part number of AC254-040-B [Table 13] are
placed back-to-back to realize a lens networkP® while the
location and angle of the lenses with respect to the grating
surface are adjusted according to Table 14.

Simulation Results

To assess the effectiveness of the selected optical isolator
to avoid light rays to travel back to the light source, a
simulation is conducted in ZIMAX software where the
results are shown in Figure 4. As observed, the intensity
of the light ray traveled back to the light source is almost
negligible.

To assess the effectiveness of the proposed reference arm,
various simulations are conducted in ZIMAX software
where intensity of the reflected light ray with respect
to intensity of the light entered to the reference arm is
calculated and demonstrated in Figure 5. As observed, the

15.73 mm 26.14 mm

grating @7

3.32mm

30.51 mm

ww gy
ww 8°07

collimated
light ray

Figure 3: The designed lens network
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selected gold mirror has an acceptable reflectivity while the
selected dispersion compensator has negligible effect on the
intensity of the reflected light ray.

As mentioned earlier, lateral resolution of a SD-OCT is
related to the sample arm optical components. To assess
the effectiveness of the selected galvanometric mirrors as
well as the selected objective lens to achieve the desired
lateral resolution, various simulations are conducted
in ZIMAX software where the results are presented in
Figure 6. As can be observed, the spot size of the light
ray on the whole cross-section of the sample is below the
minimum lateral resolution required in the desired UHR
SD-OCT device.

To assess the effectiveness of the proposed spectrometer arm,
various simulations are conducted in ZIMAX software where
the results are presented in this section. In these simulations,
the lens network is modeled as shown in Figure 3.

As mentioned earlier, lens network is designed such that
the following goals can be obtained: (1) each diffracted
ray is radiated on only one pixel, (2) spot size of the rays
on the CCD camera array be smaller than the pixel size,
and (3) all diffracted rays be focused on the CCD camera
array.

To assess whether the proposed lens network can meet
the constraint, above, a simulation is conducted in Zemax
software where the location and spot size of some of the
diffracted rays on the CCD camera pixel array are presented
in Figures 4 and 5. As observed, each ray is only focused
on one pixel [Figure 7] while the spot size of the diffracted
ray is smaller than the CCD camera pixel size [Figure 8].

Since spot size of diffracted light rays depends on
wavelength of the diffracted ray,® spot size variations
with respect to wavelength of the diffracted light rays are
plotted in Figure 9. According to this figure, spot size of
all diffracted light rays is sufficiently smaller than the CCD
camera pixel size.

To assess the performance of the proposed spectrometer arm
in constructing a real image from the sample, the proposed

0.2
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0.1+
0.08
0.06
0.04 -
0.02

0 T T T ]
650.00 750.00 850.00 950.00 1050.00

Intensity (%)
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Figure 4: Intensity of the light traveled back to the light source with respect
to the intensity of the produced light ray
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spectrometer is simulated as an optical system where its
optical aberration is assessed through Zemax software. The
simulation results are presented in Figures 10-13.
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Figure 5: Intensity of the reflected light ray with respect to the intensity of
the light entered into the reference arm
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Figure 7: Simulation result: location of the light rays focused on the
charge-coupled device camera array. CCD: Charge-coupled device

According to Figure 10, distance of the sagittal rays from
chief ray is smaller than = 10 um while distance of the
tangential rays from chief ray is smaller than = 7 um.
This means that in the proposed spectrometer arm, all the
diffracted light rays are focused on the CCD camera pixels
without any significant distortion.

According to Figure 11, optical pass difference in the
proposed spectrometer is smaller than £ 0.1 um for
both the sagittal and tangential rays which means that

Y-Axis Spot Position T g I . X-Axis Spot Position

(mm) 235 200002‘3524' 7% a5 (mm)
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Figure 6: Spot size of the light ray penetrated into the sample tissue for
various scan angles
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Figure 8: Simulation result: spot size of a light ray with wavelength of
850 nm on a charge-coupled device camera

Table 2: Light sources and their axial resolution

Part number Company Laser type A, (um) AL (um) Az (retina) (um) Power (mW)
SLD850S-A10W Thorlabst*! SLD 850 60 3.997 10
SLD880-A7 Thorlabst*! SLD 880 40 6.394 7
OESLD830-50 O-E Land™ SLD 830 50 4.550 1
OESLD920-30 O-E Land™ SLD 920 30 9.318 1
QSDM-880-2 QPhotonics!®% SLD 880 20 12.789 2
QSDM-915-2 Qphotonics!®! SLD 915 45 6.145 2
EBS300002-03 Exalos!®!! SLD 865 100 2.353 9
EBS300080-02 Exalos!®!! SLD 845 140 1.684 9

SLD: Super luminescent diode

10
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the diffracted light rays are focused with negligible
distortion.

According to Figure 12, field angle in the worst case
is about 5° while longitudinal shift from the central
wavelength is smaller than + 60 wm for all diffracted
light rays. This means that the proposed spectrometer
has the ability of focusing all the diffracted light rays on

the CCD camera array with proper spot size and optical
specification.

According to Figure 13, root mean square wavefront
error for all diffracted light rays is smaller than 0.025

Table 8: LSM54DC1 dispersion compensator

specifications
Table 3: TW850RS5A2 coupler specifications Feature* Value*
Feature* Value* Material N-F2
Central wavelength 850 nm Coating range 750~950 nm
Bandwidth +100 nm Glass thickness 37.2 mm
Coupling ratio 50:50 Compatible lens LSM54-850

*Parameters are presented from®!

*Parameters are presented in*®!

Table 4: 10-F-SLD100-840 isolator specifications

Table 9: PF10-03-M01 mirror specifications

Feature* Value* Feature* Value*
Central wavelength 840 nm Diameter 254 mm
Bandwidth 100 nm Thickness 6 mm
Transmission 66%—69% Wavelength range 800~2000 nm
Attenuation 23.5%-26% Reflectance >96%
Connector FC/APC Substrate Fused silica

*Parameters are presented from!!

Table 5: F240APC-850 collimator specifications

Feature* Value*
Center wavelength 850 nm
Wavelength range 650~1050 nm
Output beam diameter 1.74 mm
Focal length 8.02 mm
Full-angle divergence <0.11°
Connector FC/APC

*Parameters are presented from™®!

Table 6: LSM54-850 objective lens specifications

Feature* Value*
Center wavelength 850 nm
Bandwidth +100 nm
Focal length 54 mm

Field of view 15.8 mm x 15.8 mm

*Parameters are presented from!!

Table 7: GVSM002-ECLM specifications

Feature* Value*
Material Quartz
Coating Protected silver
Wavelength range 500~2000 nm
Linearity 99.9%
Resolution 15 urad
Maximum scan angle +12.5°
Peak current SA
Small angle (+0.2°) bandwidth 0-1000 Hz
Small angle step response 300 us

*Parameters are presented from®™®!
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*Parameters are presented from!8!

Table 10: F260APC-850 collimator specifications

Feature* Value*
Center wavelength 850 nm
Wavelength range 650~1050 nm
Output beam diameter 3.32 mm
Focal length 15.33 mm
Full-angle divergence <0.11°
Connector FC/APC

*Parameters are presented from®®!

Table 11: WP-HD1800/840-25.4 grating specifications

Feature* Value*
Center wavelength 840 nm
Thickness 3 mm
Diameter 25.4 mm
Angle of incidence 49.1°
Spatial frequency 1800 lines/mm
Substrate 1.5 mm BK7

*Parameters are presented from!®?

Table 12: EV71YEM4CL2010-BA9 camera specifications

Feature* Value*

Pixels number 2048

Pixels size 10 pm x 20 um
Line-scan rate 70 kHz

Output data rate 16 Mbits/s

Output interface Camera link® base/medium
Power 12-24 V,2 A

*Parameters are presented from!®!

1
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Table 13: AC254-040-B specifications

Feature* Value*
Diameter 25.4 mm
Focal length 40 mm
Center wavelength 840 nm
Wavelength range 650~1050 nm

*Parameters are presented from!

Table 14: Parameters of the designed lens network

Parameter Value
Distance between grating and lens number 1 15.73 mm
Distance between lens number 1 and lens number 2 26.14 mm
Distance between lens number 2 and CCD camera 30.51 mm
Lens number 1 angle with respect to grating 40.9°
Lens number 2 angle with respect to grating 40.9°
8 light rays spot size on the CCD camera array
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Figure 9: Spot size of all diffracted light rays. CCD: Charge-coupled device

which means that the real wavefront of the proposed
optical system is significantly align with the desired
wavefront.

Conclusions and Future Works

In this article, a UHR SD-OCT is designed for
high-resolution retinal applications. SD-OCT designing
is a challenging procedure since various trade-offs exist
between SD-OCT features such as axial resolution,
maximum penetration depth, lateral resolution, and
DOF; hence, optical component selection must be
conducted by considering the features with the highest
priorities.

Based on the design procedure introduced in this article,
although the key features of a UHR SD-OCT depend on
the characteristics of the light source and objective lens,
improper design of the spectrometer arm can diverge
the diffracted light rays and radiate them to wrong
locations; that is, in spite of proper design of the sample
and reference arms, improper design of the spectrometer
arm can defect axial resolution, lateral resolution, etc.,
significantly.

Lens network configuration is another challenging
procedure in designing the UHR SD-OCT. In this
procedure, the lens network must be designed such that all
diffracted light rays be focused on proper location. Often,
various simulations must be conducted for fine-tuning the
lens network parameters.

The design procedure of an UHR SD-OCT is presented
in detail in this article; however, implementation of this
optical system which is a complex and time-consuming
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Figure 10: Distance from chief ray versus normalized position across pupil for diffracted light rays
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procedure is under research as a future work. An expert
laboratory equipped with high-performance optical
equipment is required to implement the proposed device
and conduct various examinations. After implementing
the proposed UHR SD-OCT, various supplementary
examinations can be conducted to further assess the
performance of the proposed device, for example, different
patterns can be employed to scan the cross-section of the
sample; then, the effects of each pattern on the A-scan rate,
axial resolution, and lateral resolution of the UHR SD-OCT
can be investigated. In addition, after obtaining raw
A-scans from the constructed device, various digital signal
processing algorithms including traditional algorithms,
neural network-based algorithms, and deep learning-based

Journal of Medical Signals & Sensors | Volume 15 | Issue 4 | April 2025

algorithms can be adopted to extract 2-D and 3-D images;
then, the effectiveness of each algorithm on the quality of
the extracted images can be investigated. Moreover, various
len networks can be employed in the spectrometer arm to
assess the effects of each network on the axial resolution
and maximum penetration depth of the proposed UHR
SD-OCT.
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