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I. Introduction

V ISION in mammals arises from photochemical
and biological processes in the eye. In humans,

photoreceptors that populate the retina possess
varied sensitivities to different wavelengths of light
are what enable colour vision [12]. These receptors
two further subdivisions; rods, which are sensitive
in low light conditions, and cones, which are active
in bright light conditions. Rods exist in a far greater
proportion than cones [17], and understanding their
dynamics is worthwhile as their (mal)function is a
key finding in ailements such as diabetic retinopathy
and retinitis pigmentosa [7]. In practice, this can be
achieved by directly measuring the activation of the
rod cells themselves, as demonstrated in a recent
paper by Zhou et al., titled “Interferometric imaging
of the reversible rhodopsin dynamics in the living
rat eye”[21]. Rhodopsin, being the light-sensitive
protein principally involved in triggering the signal
cascade of photo-detection in rod cells, induces what
is termed an early receptor potential (ERP) upon
photo-stimulation, which is the primary electro-
chemical signature demonstrating photo-reception.
This manifests in a nanoscale deformation of the
rod cell body. The authors of the aforementioned
study made use of the established technique of op-
toretinography (ORG), which enables the detection
of these specific retinal cell contractions through
the use of Optical Coherence Tomography (OCT),
itself based on principles of interferometry.

In the context of ECSE527, the process of con-
structing an apparatus that enables this technique
implicates design challenges highly relevant to the
realm of free space optics. The primary goal of this
project was thus established to be the design and
implementation of the optical system embedded
within the ORG methodology. We took the work
of Zhou et al. as a point of departure, but diverged
in choosing the human eye as the target of mea-
surement, which requires it’s own host of design
considerations, but which we believed would an
interesting extension of the paper. Indeed, ORG
in humans is a highly active field of research and
encounters its own unique challenges, metrics, and
constraints [5, 15, 10, 4, 20].

Surprisingly, however, the structure of the ORG
apparatus remains markedly similar across studies.
Consider, as a representative example of human
ORG, the optical setup of Pandiyan et al. in Fig. 2
in comparison to that of Zhou et al. in Fig. 3. The
exact mechanism of obtaining the optoretinogram
will be discussed in subsequent sections, but what
is important to observe is that there are 6 shared
main paths, described in Table. VIII. The only path
that is not shared between the two is the wavefront
sensing path, which only exists with the design
presented by Pandiyan et al. to produce an estimate
of ocular aberration and drive the deformable

Fig. 1: Location and orientation of rod and cone
photoreceptors in the human eye. Excerpted from
[18]

mirror. This highlights the subtle differences that
arise based on the intent of the imaging. Sensitivity
to aberrations is only (highly) important when
lateral resolution is of concern, i.e. when resolving
the cell itself is an objective, a noted weakness of
OCT technology in general [20]. On the other hand,
detecting rod contraction, which as observed in
Fig. 1, are oriented parallel to incident light as it
concerns a directly aimed beam, requires depth-wise

— here termed axial — resolving capabilities.
With that said, to remain within the confines of

the course objectives as well as to scope complexity
of the project appropriately, we thus decided to
focus our efforts towards designing just the OCT
illumination arm and spectrometer path (green
highlighted columns in Table. VIII) for rod contrac-
tion detection, as these are both critical pathways
that present a sufficient design challenge and are
amenable to simulation and verification in CODE V
[11]. There are certain aspects of the design that
cannot be strictly enforced. for example, in vivo
applications require high-scan rate to mitigate phase
stability issues due to eye and other physiological
motion artifacts, such as heartbeat. This is why,
for example, line scanning is used, as it combines
multiple point scans, increasing the scan rate. With
such cases, we choose to adopt the design choice
understanding that its validation is outside the
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synchronize the scanner, frame grabbers, and data acquisition and 
allowed real- time feedback to the experimenter for subject align-
ment via live image visualization. The Nyquist-limited lateral 
resolution of the system was 2.4 mm, system sensitivity was 92 dB, 
and the phase sensitivity was 4 mrad at a signal-to-noise ratio of 
50 dB, where 1 mrad ≈ 0.07 nm for lo = 840 nm. The maximum 
volume rate used in this study was 324 Hz for 768 × 512 × 50 (l × 
x × y) pixels in cases where the temporal resolution of the early 
response had to be maximized. Further details on optical design, 
development, and characterization of the instrument are provided 
elsewhere (47).

Optoretinography protocol
Two cyclopleged subjects free of retinal disease participated in the 
study. Cycloplegia served to arrest accommodative fluctuations for 
non-AO imaging and dilate the pupil to provide increased numerical 
aperture and signal-to-noise ratio for AO imaging. It was introduced 
using Tropicamide 1% ophthalmic solution (Akorn Inc.). The re-
search was approved by the University of Washington institutional 
review board, and all subjects signed an informed consent before 
their participation and after the nature and possible consequences 
of the study were explained. All procedures involving human subjects 
were in accordance with the tenets of the Declaration of Helsinki. 

Fig. 5. Optoretinography schematic and representative retinal images. (A) Block diagram of optoretinography system showing key components and features (details 
in Materials and Methods). AO-LSO (B) and AO-OCT images (C) of cone photoreceptors at 7° eccentricity. The images are registered and field flattened to compensate for 
the Gaussian intensity distribution along the line dimension. SLD, Superluminescent diode; CMOS, complementary metal-oxide semiconductor.
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Fig. 2: Optical setup used for OCT imaging and
retinal stimulation in human eye. Excerpted from
Fig. 5 A of Pandiyan et al. [16].

bounds of optical design per se. As a general rule,
we defaulted to adapting from Zhou et al. in terms
of material and parameters when it aligned with
our aims, and diverged pro re nata when it pertains
to meeting the conditions of the eye model and
design complexity, and attempt to meet clinical
conditions of human ORG as outlined by current
trends and state of the art[9], we have compiled
the following specification outline for the goals
of this project in Table. I, with further rationale
and derivations of these specifications elaborated
upon subsequent sections. Briefly, we justify the
choices as follows: Irradiated line length and scan
range are both methodological constraints based on
prior literature. OCT illumination/BW and lateral
resolution are based on the requirement to cellular
resolution of rod itself (the contractile region is
nominally considered to occupy a volume of 3x3x3
µm [10]). Finally, pupil-conjugation is necessary for
mitigating aberrations along scans. These are the
foundational constraints that will allow us to meet
the project goal of designing the OCT illumination
and detection arms of a human ORG system aimed
at rod contractile detection.

II. Background and Theory
OCT is a non-invasive, interferometric,

micrometre-scale imaging technique that enables
depth-imaging of weakly scattering samples, such
as biological tissues. The technique operates on

the principle of low-coherence interferometry,
where light from a broadband source is split by
a Michelson interferometer between the sample
and a reference arm. Under the condition that the
recombinant beams have a fixed phase relationship,
which is obtainable by ensuring that the optical
path length traversed by the sample and reference
beams differ only by the source coherence length,
interference can be observed [3]. The coherent
waves can recombine constructively, destructively,
or meet any condition in between to produce an
interference signal with a series of bright and
dark fringes. Receiving this signal with a detector
allows information about the scattering bodies
in the sample to be extracted electronically. In
SD-OCT, the beam is separated in to its spectral
components using a diffraction grating prior to
detection, creating a spectral interferogram, where
separate frequency components are mapped to one
spatial axis on the detector. Information about the
depth and reflectivity of the nth scattering element
in the sample is encoded by intensity ripples in the
spectral domain by the following relation [3]:

I(k) ∝
N∑

n=1

√
Rncos2kzn (1)

Where I(k) is the intensity profile as a function
of the wavenumber k, zn is the depth of the nth
scattering element, and Rn is the reflectivity of
the nth scattering element. This shows that depth
information is encoded in the signal by periodic
ripples in k-space, with deeper scatterers resulting
in lower-periodicity ripples. Applying an inverse
Fourier transform to this signal produces a depth-
reflectivity profile at a specific lateral point on the
retina, called an A-scan. The combination of A-
scans along a single lateral direction is referred
to as the B-scan, and the combination of B-scans
along the other lateral direction is referred to as
the tomogram. The axial resolution δz of the A-
scan, that is, the ability of the system to distinguish
separate point reflectors along z, is defined by the
coherence length lc of the source:

δz = lc = 2ln2
π

· λ2
0

∆λF W HM
(2)

Specification Condition Source

Rod outer segment imaging resolution ∼ 1µm

Standard clinical OCT lateral resolution 15-20 µm [14]

ORG line scan range ∼560 µm Zhang et al. [19]

Clinical OCT line scan range 12 mm [14]

TABLE I: Performance Target Outline
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Where λ0 is the central wavelength of the source
and λF W HM is the wavelength range of the source.
The lateral resolution of the system is defined by the
diffraction-limited intensity FWHM of the beam at
the sample, which is related to the gaussian beam
waist w0 by:

δx =
√

2ln2w0 =
√

2ln2 λ0

πNA (3)

Where NA is the numerical aperture of the eye.
Considering that a more narrowly-focused Gaussian
beam has a greater angle of divergence, improving
the lateral resolution decreases the depth of focus
of the system:

DOF = 2πn

λ0
w2

0 = nλ0

2πNA2 (4)

Where n is the refractive index of the sample
medium. The speed of this technique can be im-
proved by employing a line-scan, where the beam
profile at the retina is shaped to be a line field,
then mapped back to the second axis of the sensor.
This allows for simultaneous collection of A scans
to produce a full B-scan in a single frame. A useful
property of SD-OCT is that phase information is
already encoded within the extracted signal. This
allows for the detection of nanoscale deformations in
the point scatterers, far below the limit of the axial
resolution. Consider, when the nth point scatterer
moves axially by some distance ∆z, it will induce a
phase shift φ ∝ k∆z in the intensity-wavenumber
profile of the nth element:

In(k) ∝
√

Rncos(2kzn + φ) (5)

By following this phase shift in k-space over a
period of time, it is possible to extract ∆z as
a function of time, thus allowing for temporally
resolved detection of rod deformations.

III. Design & Methods

A. Apparatus

The elements of this system are based on com-
monly available optical and electronic components.
In accordance with Zhuo et al. [21], the optical
spectrum is based on the FIR-9 supercontinuum
laser from NKT Photonics with the spectrum
shaped by a Semock FF01-776/LP-25 long pass
filter and a Thorlabs FESH0900 short pass filter to
produce a wavelength distribution with ∆λF W HM

= 120 nm centered at λ0 = 840 nm. This is a
typical wavelength range for OCT imaging, as near-
IR frequencies allow for deeper tissue penetration
than visible light. From Eq. 2, this gives a minimum
axial resolution of 2.59 µm. To minimize chromatic
aberration in the system, the beam is relayed using
achromatic lenses based on Thorlabs AC-254-f -B
achromatic doublets (where f is the focal length),
which are rated for performance in the 650-1050
nm wavelength range. The line field is shaped
using Thorlabs LJ1821L1-B (f = 50 mm) and
LJ1054L1-B (f = 75 mm) 650-1050 nm AR coated
plano-convex cylindrical lenses. The spectrometer
is based on the Wasatch Photonics WP-600/900-
25.4 visible volume phase holographic transmission
grating, which is designed for near-IR OCT. It has
a grating frequency of 600 l/mm, and an optimal
angle of incidence of 15.7◦ at 900 nm. A fairly low
grating frequency is selected initially in order to
manage aberrations that may be caused by steep
dispersion angles. The spectrometer detector plane
is based on a GSENSE2020BSI CMOS image sensor,
which has a 13.312×13.312 mm photosensitive area,
a pixel size of 6.5×6.5 µm over 2048×2048 active
pixels. This sensor is chosen due to its relatively high
Quantum Efficiency of ∼ 50% at the wavelength
spectrum of interest, and its pixel pitch that is
smaller than the aberrated beam waists seen in

phototransduction (LRP, expansion of OS in cones and under low sti-
muli in rods) enable differential diagnostics of the various aspects of
photoreceptor’s dysfunction.

While the rod-dominant rat retina serves as an ideal model for
investigating rod ORG responses, measurements in the hybrid human
retina face additional challenges, such as differentiating cone and rod
responses and dealing with larger head and eye movements. Never-
theless, a recent study in human subjects employed AO line-scan OCT
to identify rod photoreceptors at 10° eccentricity and successfully
measured rapid contraction in human rod OS55. Interestingly, the
duration of this rapid contraction (~100ms at 3.3% bleach level and
~300ms at 39.4% bleach level) is much shorter than that observed in
rodent rod OS. Although the exact reasons underlying this difference
remain to be explored, this finding reconciles the absence of rapid
contraction in previously reported human rod ORG signals, which
were acquired at relatively low temporal resolution (6Hz25 or 8Hz56,57)
and under relatively low bleach levels (≤1%57 and ≤4%25), or used
seconds-long lowpower visual stimulation56. One possible explanation
for the much shorter contraction duration in human rod OS is that the
elongation of surrounding cones may affect the rod OS responses. In
future studies, it would be interesting to measure human rod OS
responses in peripheral retina, where cone density is much lower58, to
further investigate potential crosstalk between rods and cones. In this
case, resolving photoreceptors may not be necessary, which could
allow non-AO OCT systems to detect the rapid OS contraction in
human rods. Additionally, several efforts—including improved post-
processing algorithms59–61, active eye-tracking62, and new OCT
recording protocols63—are being explored to mitigate signal decorr-
elation duringORGmeasurements and facilitate the clinical translation
of ORG techniques.

Methods
Phase-sensitive OCT imaging
The high-speed line-scan spectral-domain OCT was assembled
according to theoptical layout shown inFig. 7. TheOCTbeam from the
supercontinuum laser (FIR-9, NKT Photonics, Denmark) was colli-
mated using lens CL1 (AC254-060-B, Thorlabs) and filtered through
two spectral filters (Semrock: FF01-776/LP-25, Thorlabs: FESH0900),

producing a bandwidth with a full width at half maximum (FWHM) of
about 120 nm centered at 840 nm.

The beam then passes through a cylindrical lens (CYL1), which
forms a line image along the y-axis at the focal plane. Following optical
conjugation through the afocal telescope L0-L1, the beam was divided
into reference and sample arms using a non-polarizing beamsplitter
(BSS11, Thorlabs) with a 30:70 (R:T) ratio. Two more afocal telescopes
in the sample arm, L2-L3 and L4-L5, conjugate the one-dimensional
galvo scanning (GS) mirror (8310K Series Galvanometer, Cambridge
Technology) to the system pupil plane. The lens L5 and the animal
fixation stage weremounted on a Badal platform, such that translating
theplatformalters the vergenceof the beamentering the eye, enabling
compensation for subject-induced defocus. The incident power on the
cornea was 2.8mW. The irradiated line length on the retina was esti-
mated to be 330μm, and the diffraction-limited resolution (FWHM)
was estimated to be 3.6μm. The elliptical reference beam after the
beamsplitter was re-collimated by a cylindrical lens (CYL1R), followed
by an afocal telescope (L1R-L2R). A prism pair (#43-649, Littrow Dis-
persion Prism, Edmund Optics) was used to balance the dispersion
mismatch between the reference and sample arms. In the detection
path, an anamorphic telescope (L2-CYL2-CYL3) was used to conjugate
image planes for optimizing the spatial and spectral resolution
simultaneously. An adjustable slit was placed at the image plane to
minimize stray light or back-reflections from the contact lens.

The backscattered sample beam and reflected reference beam
were diffracted by a 600 l/mm grating (WP-600/840-35 × 45, Wasatch
Photonics), and the imagewas finally conjugated to the detector of the
high-speed camera (Phantomv641) via the telescope (L6-L7), yielding a
raw image size of 768 × 512 pixels (spectral × spatial). In this
arrangement, each frame of the camera generated a B-scan of the
retina. Data acquisition and real-time processing were implemented in
a desktop client application developed using C# on the Windows
Presentation Foundation (WPF) framework (XAML 1.0) in Visual Studio
16.0, utilizing the National Instruments API version 19.0. The line-scan
ophthalmoscope (LSO) camera (spL4096-140 km, Basler) was aligned
to be parfocal with the OCT camera. LSO imaging was used for finding
a focal plane of the retina, while adjusting the Badal platform, prior to
OCT imaging.

Fig. 7 | The optical setup. A Top view (y-z plane) of the setup. CL collimating lens,
SPF short pass filter, LPF long pass filter, CYL achromatic cylindrical lens doublet, L
achromatic lens doublet,Mmirror, RM referencemirror, BSbeamsplitter, GS galvo
scanner, DCM dichroic mirror, FM flippable mirror, PH pinhole, DPSS diode-
pumped solid-state laser, FIR-9 NKT FIR-9 OCT laser. The effective focal lengths:
CL1 = 60mm, CYL1 = CYL1R =CYL2 = L4= L8 = 250mm, L0= 150mm, L1 = L1H =

L7= 100mm, L2 =CYL3 = 75mm, L3 = L1R = L2R= L2H= L6= 200mm, CL2 = L5 =
30mm. (I): conjugate image planes. (P): conjugate pupil planes. Not to scale.
B Unfolded x-z view of the OCT illumination path showing line-field on the retina.
C Optical paths for green (520 nm) and UV (385nm) stimulation. DCM1-2 Dichroic
mirrors 1 and 2, R retinal plane. The effective focal lengths: LG2 = 30mm, LUV1 =
100mm, LUV2 = 35mm.

Article https://doi.org/10.1038/s41467-025-65759-z

Nature Communications | �������(2025)�16:10730� 7

Fig. 3: Optical setup used for OCT imaging and retinal stimulation in rat eye. Excerpted from Fig. 7(a–c)
of Zhuo et al. [21].
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later sections.

B. Eye Model
The model of the eye used in this project is

based on that developed by Navarro et al. [13],
with geometry shown in Table II. In this model,
the refractive indices at 840 nm are as follows:
nCORNEA = 1.376, nAQUEOUS = 1.336, nLENS

= 1.420, and nV IT REOUS = 1.336.

TABLE II: Navarro eye geometric parameters

Surface Radius
(mm)

Thickness
(mm) Asphericity

Cornea
(Anterior) 7.72 0.55 -0.26

Cornea
(Posterior) 6.50 0.00

Aqueous 3.05
Lens
(Anterior) 10.20 4.00 -3.13

Lens
(Posterior) -6.00 -1.00

Vitreous 16.40
Retina -12.00

The beam incident on the cornea must be ma-
nipulated such that a line field is formed on the
retina. This is achieved by focusing 1 axis (say,
the y-axis) of the beam at the entrance pupil of
the eye, such that the beam disperses angularly
within the eye and forms the long axis of the line.
The x-axis of the beam must be collimated such
that the beam is focused on the retina, forming the
short axis of the line. Ideally, to achieve optimal
imaging resolution, the width of the short-axis of
the line must be minimized. This is achieved by
maximally saturating the pupil with light along the
x-axis in order to increase the numerical aperture,
as per Eq. 3. The dilated pupil diameter of the
human eye is roughly 6 mm. The NA of the eye
may be estimated by considering the eye to be an
f ≈ 17 mm lens in air. At a 3 mm object height,
the half angle formed by the focused ray and the
z-axis is roughly 10◦. This gives an estimate of the
numerical aperture: NA = nsinθ = 0.174. Using
Eq. 3, this suggests that the diffraction-limited
lateral resolution along the x-axis is δx = 1.809
µm. The lateral resolution along the y-axis can be
predicted by considering the maximum between the
diffraction-limited spot size along the y-axis, and
the Nyquist limited sampling resolution determined
by considering the number of pixels the retinal line
is being mapped over. A target 3 mm line field on
the retina is chosen, which gives a Nyquist-limited
y-resolution of δy = 2 × 3mm/2048px = 2.930 µm.
This is fairly short in comparison to diagnostic
medical line scanning OCT systems, though, for the

Fig. 4: Simple f = 17 mm eye model with f = 50
mm focusing lens.

stated purpose of cellular imaging, a shorter line is
desirable. The length of the line field on the retina
may be estimated by considering that the angular
spread of the beam will be mostly unchanged if it
is focused at the entrance pupil of the eye. If we
desire a 3 mm line field on the retina, using the f ≈
17 mm lens model, we require a half-angular spread
of roughly 5◦ in air. This angular spread can be
achieved by any lens ahead of the eye by focusing a
variable collimated beam diameter. For an f = 50
mm lens, the required 5◦ half-angle can be obtained
with an incident collimated beam radius of ∼4.4
mm, as shown in Fig. 4. The diffraction-limited y
resolution can be determined by using this angular
spread to compute the y-axis numerical aperture
and substituting in to Eq. 3. This gives δy = 3.6 µm,
this is greater than the Nyquist limited resolution,
thus the y-resolution should be diffraction limited
in this configuration.

4.

C. Relay Optics
As stated in the previous section, the required

beam ahead of the eye is w = 3 mm collimated
along the x-axis, and focused with a half-angular
spread of 5◦ along the y-axis. An initial beam waist
of w0 = 4.5 µm is selected based on a typical mode
field diameter of a beam exiting a single-mode fibre.
This must be expanded to 3 mm and collimated,
as required to fill the majority of a dilated human
pupil. Using the equation for Gaussian beam width
w(z) and solving for a position z such that w(z) =
3 mm:

w(z) = w0

√
1 + ( λ0

πw2
0

z)2 (6)

This equation holds for z = 50.49 mm, thus, an
f = 50 mm lens placed 50 mm after the fiber
will produce a 3 mm radius collimated beam. As
previously stated, the beam radius along the y-axis
must be expanded to 4.4 mm. This is achieved by
placing 2 cylindrical lenses with f1 = 50 mm and f2
= 75 mm in an afocal telescope configuration, shown
in Fig. 5. The output beam waist is proportional
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Fig. 5: Afocal telescope diagram.

to the ratio of the lens foci: w2 = f2
f1

w1. Thus the
output beam waist along this axis is 4.5 mm. The
elliptical beam is propagated through a power beam
splitter, which separates the sample and reference
arms. To produce the line field, another f = 50
mm cylindrical is placed oriented along the x-axis
roughly 100 mm ahead of the 50 mm spherical lens
focused at the eye. In this configuration, the y-
component with w = 4.5 mm passes through the
cylindrical lens and is focused at the entrance pupil
by the final spherical lens, creating the required an-
gular spread for the line-field, and the x-component
forms another 1:1 afocal telescope with the final
lens, resulting in a collimated w = 3 mm beam at
the entrance pupil, as seen in Fig. 7. The scanning
mirror must be placed at a location conjugate to the
pupil plane. One such point exists at the front focus
of the final cylindrical lens. The beam scatters from
the retina and back-propagates through the final 2
lenses before being recombined with the reference
arm and propagating to the sensor. A series of lenses
consisting of an f = 50 mm cylindrical lens oriented
along the y-axis, an f = 75 mm achromat, and an f
= 100 mm achromat are placed in afocal telescope
configurations as before, expanding the y-axis of the
beam to 6.6 mm, then the x-axis of the beam to 4
mm before arriving at the spectrometer. The y-axis
is expanded to this width in order to maximally
saturate the 13.312 mm height of the sensor, and
the x-axis radius is increased to slightly improve the
minimum width of the spectral lines when focused
at the sensor.

D. Spectrometer
The spectrometer is constructed using the 600

l/mm diffraction grating, the CMOS sensor, and
a pair of f = 100 mm achromatic doublet lenses.
The first lens in the spectrometer is the final lens
mentioned in the previous section. This collimates
the beam along the x-axis and focuses the beam
along the y-axis. The diffraction grating is placed at
the focal point of this lens with its diffraction axis
oriented in the x-direction and tilted at its stated
AOI of α = 15.7◦, rotated about the y-axis. The
diffraction angle β is given by:

d(sinα − sinβ) = mλ (7)

Where d is the line spacing of the grating. For a
600 l/mm grating, d = 1667 nm. Solving for β gives

Fig. 6: Spectrometer design.

13.5◦, so the second lens is placed at this angle, 100
mm after the grating. The sensor is placed 1 focal
length behind the final lens, such that the spectrally-
separated field components along the x-axis are in
focus. Considering that this forms another 1:1 afocal
telescope with the previous lens, the output beam
is 6.6 mm and collimated along the y-axis, which
is roughly the half-width of the sensor, as desired.
The spectrometer configuration is shown in Fig. 6.
The output of the spectrometer should contain the
spectrally-encoded depth information along the x-
axis, and lateral retinal points along the y-axis. Per
the Nyquist sampling theorem, the FWHM width
spanned by a single spectral line on the detector
should be greater than 2x the pixel pitch of the
detector in order to accurately resolve the ripples
encoded in the frequency spectrum. The expected
FWHM spot size for a lens focusing a collimated
beam is:

FWHM =
√

2ln2 λf

πw0
(8)

For the 4.4 mm beam in the x-axis, this results in
a diffraction limited FWHM of 7.15 µm, which is
sub optimal for a pixel pitch of 6.5 µm. However,
the presence of aberrations in the system will likely
result in a spectral line width that more closely
satisfies this condition.

Spectrometer design calculations and close-up
figure. Detector sampling requirements.

E. Other Components
There are a number of components that were

not explicitly included in CODE V simulations,
as they are less relevant to the performance of
the free space optical system, however, they are
necessary for obtaining experimental results in a
real system. These include a green laser source and
a dichroic mirror which is inserted into the optical
path to the retina, allowing for the administration
of green flashes that are required to stimulate rapid
contraction in the retinal rod outer segments [21].
The UV flash used by Zhuo et al. to reverse this
contraction was not included in the system, as the
human eye, unlike that of rodents, absorbs UV light.
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Fig. 7: Full system sketch.

The reference arm is also excluded from simulations,
as its theoretical design is quite simple, only requir-
ing that the OPL is within 1 coherence length of the
sample arm. The coherence length is quite small,
being equal to the axial resolution of 2.59 µm. This
range can be located by placing the reference mirror
on a translation stage which may be tuned until the
OPL condition is met. Zhuo et al. also include a
prism pair in the reference arm to balance dispersion
mismatch between the sample and reference arms
[21].

IV. Simulation and Results
A. Source to Eye

The lenses were placed along the path from the
source to the eye, as shown in Fig. 7. The exact
placement of the lenses was determined sequentially
by varying the lens spacing and ensuring that
the output beam was collimated along the desired
axis by observing the beam waist values at large
distances using the Gaussian beam trace tool. The
eye was placed at the end of the system using the
Navarro eye model from Tab. II. The V-number is
set to 99.9999 to simulate a low-dispersion eye. The
distance from the posterior lens to the retina was
varied slightly to find the minimum beam waist.

The ideal retinal beam waist in this system was
determined to be 1.5 µm along the x-axis and 1.5255
mm along the y-axis using the output of the Gaus-
sian beam trace tool, as expected. This corresponds
to an x-resolution of δx = 1.766 µm. Beam Synthesis
Propagation was then used to determine the realistic
aberrated line width on the retina. A 4.5 × 4.5 µm
input beam consisting of 780 nm, 840 nm, and

Fig. 8: Source to eye path LDM.

Fig. 9: Source to eye Gaussian beam trace y-z view.

Fig. 10: Source to eye Gaussian beam trace x-z
view.

900 nm wavelengths was propagated through the
system with the pre-analysis recommended settings.
The BSP wavefront aberration warning messages
were monitored, and resampling was done at select
surfaces when required. The resulting retinal line
is shown in Fig. 11. The irradiated line length is

Fig. 11: BSP intensity plot at the retinal surface.

roughly in line with the expected value of 3 mm.
The lateral resolution corresponding to this line can
be found simply by increasing the mesh accuracy
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of the BSP output and manually measuring the
intensity FWHM of the line from the 2-D intensity
plots. This was measured to be roughly δx =
7.0 µm, a 296% increase compared to the ideal
x-resolution computed from the Gaussian beam
trace tool. Evidently, the resolving power has been
decreased by aberrations present in the system,
either from the eye or from the lenses. Similar BSP
plots were produced at 900 nm and 780 nm alone,
and it was found that the resolution of the 900 nm
component was δx = 6.33 µm, and 8.228 µm for
the 780 nm component.

B. Line Scanning

The optimal location for the scanning mirror
was determined by applying a tilt at a location
between the second and third cylindrical lenses
and observing the chief ray as it passes directly
through the entrance pupil of the eye. This distance
was determined to be roughly 49.5 mm in front of
the third cylindrical lens, shown in Fig. 12. Ray
diagrams were used here due to strange behaviour
in the Gaussian beam trace visual output after the
decenters. BSP was performed at a mirror tilt of

Fig. 12: Folded source to eye path x-z ray trace
with 2◦ mirror tilt.

1◦, 2◦, and 3◦, with results shown in Tab. III. A
sample BSP output plot at 2◦ is shown in Fig. 13.
Evidently, the off-axis performance of the scan is
quite poor, resulting in a rapid degradation of the
lateral resolution away from the centre of the retina.

TABLE III: Measured x-displacement and x-
resolution values for variable scanning mirror tilts

Mirror Angle x-displacement (mm) δx(µm)
1◦ -0.59 10.2
2◦ -1.18 25.4
3◦ -1.72 95.2

Fig. 13: BSP intensity plot at the retinal surface
with 2◦ mirror tilt.

C. Retinal Beam Waist Verification
Best Fit Gaussian parameters were extracted

from Beam Synthesis Propogation Analysis to
provide another facet of (approximate) verification
of the thin-axis retinal waist size and line-length. We
ran these measurements on the center, positive and
negative extrema of the simulated galvo scan. the
results obtained are displayed in IV, with BSP set-
tings provided between figures 22 and 27, with only
modifications to X Offset in the output grid to
account for line scan shifts. For these measurements,
theoretically, CODE V is fitting the reconstructed
retinal intensity to an elliptical Gaussian. In that
fit:

I(x′, y′) = I0 exp
(

−2x′2

w2
x

− 2y′2

w2
y

)
(9)

Where X-RAD = wx and Y-RAD = wy. These
are 1

e2 intensity radii, not diameters. Therefore,
for our calculations, from the Gaussian intensity
profile we have that the 1

e2 diameter = 2w and
FWHM = w ×

√
2ln2 = 1.17741w. For each

one of our measurements the calculated values
are thus shown in VII. We see again that larger
excursions from the center incurr considerable loss
in lateral resolution. This is expected as for line-
scan ORG, which does not attempt to generate a
volume or 3d reconstruction but instead emphasizes
axial resolution, the expected scan would only
span a couple hundred micrometers, and from
that perspective numerically we satisify the lateral
resolution critera for scans close to the center line.

D. Cornea to Spectrometer
The lenses and diffraction grating were arranged

as shown along the path between the cornea and
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detector in Fig 7. The exact placement of the lenses
were tuned in a similar manner to the previous
sections. The LDM for this system is shown in Fig.
14, and the 3-D ray trace is shown in Fig 15. As
before, the Gaussian beam trace is not shown due
to non-physical behaviour in the visual output after
a decenter.

Fig. 14: Cornea to detector path LDM.

Fig. 15: Cornea to detector path 3-D ray trace view.

The initial Gaussian beam parameters were de-
termined by measuring the x and y axes of the
beam at the minimum y-axis beam waist near the
entrance pupil of the eye in the previous simulation.
These were determined to be 2.9380 mm along the
x-axis and 3.0 µm along the y-axis. A BSP was

performed at 900 nm, 870 nm, 840 nm, 810 nm,
and 780 nm. The resulting intensity plot is shown
in Fig. 16, and the spectral line data is shown in
Tab. V. The spectral lines appear to occupy a range
of 12 mm along the y axis of the detector, and a
range of 7.39 mm along the spectral axis.

Fig. 16: BSP spectral lines in the detector plane for
the cornea to detector path.

TABLE V: Spectral line position and intensity
FWHM at the plane of the detector.

Wavelength
(nm)

Position
(mm)

Line width
(µm)

780 -3.68 23.8
810 -1.84 17.8
840 0 17.6
870 1.86 17.6
900 3.71 17.8

β (Surface 16) wavelength (nm) X-RAD (mm) Y-RAD (mm) X-SHIFT (mm) RMS ERROR

22.5◦
900 0.006161 1.422574

0
0.036165

840 0.007140 1.357533 0.040351
780 0.010446 1.299401 0.099823

20.5◦
900 0.023988 2.189694

-1.156
2.189694

840 0.027236 1.722410 0.213187
780 0.031016 1.506943 0.177078

24.5◦
900 0.023108 2.118368

1.156
0.264580

840 0.026570 1.721197 0.207179
780 0.030500 1.507868 0.174104

TABLE IV: Best Fit Gaussian Parameters across wavelengths and galvo positions
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E. Aberration Correction
To explore methods for correcting geometric

aberrations in the eye, a Fringe Zernike Polynomial
surface is tested on a collimated beam incident
on the Navarro eye model, shown in Fig. 17. A

Fig. 17: Gaussian beam trace of Navarro eye with
Fringe Zernike Polynomial surface.

piece of BK7 glass was placed in front of the eye,
and the surface type was set to Fringe Zernike
Polynomial. This surface can be used to introduce
aberrations to an optical wave that are opposite
to the aberrations introduced by another element
in the system, resulting in a cancellation of the
target aberration sources. The on-axis geometric
aberrations in the eye were considered by varying
the angle-independent terms of the Fringe Zernike
polynomial, corresponding to piston, defocus, and
higher order spherical aberration terms. These
terms were tuned for Gaussian beam performance
by using the automated design feature and minimiz-
ing wavefront error. This resulted in the coefficients:
Z1 = -0.0670, Z4 = -0.0755, Z9 = 0.0292, Z16 =
0.0494, and Z25 = 0.0118. The BSP results for a 3
mm radius collimated Gaussian beam are shown in
Figures 15 and 16. Without correction, the retinal
FWHM spot size was 5.95 µm. By adding the
fringe Zernike polynomial surface, the spot size was
reduced down to 2.37 µm, a reduction of -60%, and
which is only 58% greater than the minimal spot
size of 1.5 µm.

V. Analysis & Discussion
A. Performance Evaluation

There are 2 major thresholds that may be con-
sidered when evaluating this system’s lateral resolu-
tion performance. The first is the typical lateral
resolution of 15-20 µm achieved by commercial
medical OCT scanners [2]. At this resolution, macro-
structures within the retina are distinguishable,
making the system sufficient for diagnostic medical
imaging. The second threshold is the target reso-
lution required to distinguish the rods and cones

Fig. 18: BSP intensity plot at retinal surface before
aberration correction.

Fig. 19: BSP intensity plot at retinal surface after
the addition of a Fringe Zernike surface.

in the eye, which are typically around 2 µm in
diameter. Per the rule of Nyquist sampling, the
resolution required would be 1 µm or less. This
resolution was not obtainable using OCT in the
human eye, as even in the ideal case, the diffraction
limited resolution could not be reduced below 1.76
µm. Even when considering the maximal obtainable
numerical aperture from a fully dilated human
eye, NA≈0.23, the lateral resolution is 1.36 µm
at minimum. Thus, this is simply a limit of the
imaging technique. However, the system performs
quite well in comparison to clinical OCT scanners,
achieving δx = 7.0 µm, including aberrations, well
below the threshold required for macro-structural
imaging.

However, when performing the line-scan, the
resolution rapidly degrades to a level below the
clinical OCT level at roughly ±1 mm from the
centre of the retina, as seen in Tab. III. This is
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quite narrow compared to clinical OCT scanners,
such as the RTVue Fourier-Domain Optical Co-
herence Tomography System, which can achieve
scanning ranges up to 12 mm. This is likely due to
inaccuracy in the placement of the scanning lens
at a point conjugate to the pupil. It could also be
due to the use of a simple cylindrical lens in the
scanning mirror-to-eye relay telescope, which could
exaggerate chromatic aberrations off-axis.

It was also found in section IV-D that the spectral
lines at the detector generally have a width of
∼17.7 µm, roughly 2.7× the 6.5 µm pixel pitch
of the detector. This is in the ideal sampling rate
range required to correctly distinguish the spectral
components, per the Nyquist sampling theorem.
It is also worth noting that exact measurements
of the retinal line length were avoided in this
project, and were left intentionally vague. As seen
in previous detector-plane plots, the intensity of
the lines taper off gradually as a function of y, and
would only “stop” once the minimum detectable
intensity by the sensor is surpassed. Thus, we believe
that the effective line length is a function of the
detector’s required optical SNR, and cannot be
accurately measured using easily extractable figures
from CODE V.

Overall, the performance of the system is sat-
isfactory for the purpose of retinal imaging and
phase sensitive measurements, and may be easily
replicated in reality, due to the intentional selection
of commonly available optical elements that are
compatible with table-top optical mounts.

B. Phase Considerations
One form of aberration that must be considered

in a realistic system is the optical path difference
error inherent to the optical geometry of the system.
Since different points along the y axis do not travel
the same OPL, they will arrive out of phase and
degrade the received signal [1]. This would need to
be corrected in signal processing by subtracting a
y-dependent "background" phase term characterized
by the variable OPL through the system at different
y-axis heights from the received signal. An example
of the y-dependent phase shift is shown in Fig. 20

The temporal phase sensitive measurements re-
quired to detect the nanoscale deformations in the
rods cannot be simulated in code V, and is mainly
in the domain of signal processing, rather than
optical system design. However, certain measures
can be taken in anticipation of phase noise that
may degrade phase sensitive measurements. Small
phase impairments may be caused by environmental
factors such as vibrations and air turbulence. This
is mitigated somewhat in the design by ensuring
that the sample and reference arms share a common
path for as long as possible. In such a configuration,
phase noise along the shared path is applied as a

Fig. 20: BSP wrapped phase difference along the
y-axis of the retinal line.

global phase term to both the sample and reference
arms, which has minimal effect the differential phase
sensitive interferometric measurements.

C. CODE V Implementation Issues
There were a number of difficulties that were

encountered when attempting to add elements of
aberration correction and realism to the system.
Notably, the Fringe Zernike polynomial surface used
in section IV-E is a radial function. This does not
work in the main system due to the astigmatic
design of the beam. A similar method was at-
tempted by applying an even polynomial surface
across the x-axis only, and optimizing the 2nd,
4th, 6th and 8th order coefficients corresponding
to the powers of the radial Zernike function that
were optimized previously by minimizing wavefront
error. The results of these optimizations were highly
unstable and did not produce usable results.

There were also issues encountered when attempt-
ing to increase the range of the scan while using
BSP. BSP requires ray traces to be unobstructed
prior to running, this results in the rays being
clipped at sharper scan angles, and the BSP being
unable to run. This can be reduced by decreasing
the diameter of the stop surface, however, the stop
surface diameter must remain wide enough to allow
the beam passage. As such, scan angles greater than
∼3 could not be obtained.

The full back-propagation of the beam returning
from the eye to the spectrometer was also not
included, as the initial beam parameters required to
mimic the beam as it would be if it were reflected
from the retina was not obtainable using BSP
settings. As such, the spectrogram at the detector
is much more idealized than reality, as it does not
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include aberrations from the eye. It may be possible
to characterize the aberration contributions by the
eye at the detector by replacing all cylindrical lenses
with equivalent spherical lenses and starting with a
point-beam waist, then observing the spectral point
spread on the detector, as would be done in point
SD-OCT. The FWHM of these points would likely
correspond closely to the width of the spectral lines
in our system, allowing the eye aberrations to be
measured and mitigated.

D. Assumptions
In addition to those mentioned above, a few

simplifying assumptions were made in order to lower
the complexity of the system. These are mainly
centred around the model of the eye. The first of
which was assuming a fairly non-dispersive eye,
which was modelled by setting the V-number at
every eye surface to 99.9999. Though not exact,
this is a fairly safe assumption to make, as the
refractive indices of the layers of the eye vary very
little in the near-IR wavelength range.

Another simplification was made by varying the
distance from the lens to the retina by fractions
of a millimetre in order to find the optimal retinal
focus position. This is evidently not possible in a
real experiment, however, a similar effect may be
achieved by slightly varying the location of the final
lens before the eye, so that the x-axis of the beam
converges or diverges slightly before being focused
by the eye, leading to a small axial translation of
the beam waist.

Additionally, the inclusion of the gradient-
refractive index property of lens was neglected by
using the Navarro model of the eye, which may have
negatively impacted the performance of the system,
as the GRIN lens helps to reduce aberrations in the
eye and would improve the simulation results, in
addition to being more realistic.

The initial mode-field-diameter of the laser was
assumed to be 9 µm, however, this is only true
for standard SMF-28 at telecom wavelengths. In
reality, the MFD is a function of the optical mode
confinement in the fibre core, which is a function of
wavelength. A more realistic MFD at 840 nm is ∼5.0
± 0.5 µm, based on the specifications of Thorlabs’
SMF-780HP at 850 nm. This would require a shorter
focal length collimating lens to obtain the same 3
mm radius beam required by the system.

E. Design Trade-offs & Improvements
Certain trade-offs were considered when designing

this system. For the spectrometer, there is a trade-
off between aberration resilience and resolving
power when selecting the lenses and diffraction
grating. It was noted previously that the spectral
components only saturated < 8 mm of the detector,

out of the total 13.312 mm. This may contribute to
increased cross-talk between frequency components
and a lower spectral axis resolution. This span
may be increased with a higher grating frequency,
which increases the angular spread of the diffracted
components, and a shorter focal length lens pair,
which may be required to adequately capture the di-
vergent rays. This would saturate a greater area on
the detector, however, this configuration increases
off-axis aberrations due to the steeper ray angles
incident on the lenses.

Another component worth investigating was men-
tioned in the performance evaluation section, where
it was stated that the line-scan performance was
quite poor, and it was suggested that this could be
due to the use of a non-achromatic cylindrical lens
in the relay telescope between the scanning mirror
and the eye. This performance may be improved by
inserting another 1:1 relay telescope consisting of
only achromatic doublets in front of the eye, and
placing the scanning mirror at the focus of this relay,
as shown in Fig. 21. The results of this improved
scan are shown in Tab. VI. Evidently, the off-axis

TABLE VI: Lateral resolution and translation along
the retina for the improved scanning mirror to eye
relay.

Angle (◦) δx(µm) ∆x(mm)
0 7.28 0.000
-1 8.23 0.583
-2 14.24 1.158
-3 32.28 1.720

resolution has been improved, with the resolution at
1◦ improving by ∼-19%, ∼-44% at 2◦, and ∼-66%
at 3◦, for roughly equivalent x-displacements along
the x-axis. This is still quite a narrow scan range in
comparison to medical OCT systems, though this
may be improved by using shorter focal length lenses
in the relay to enable sharper angles. Furthermore,
this configuration doubles the number of lenses
present in the sample arm, which could introduce
more differential phase noise in a real system, so
the sample-reference arm beam splitter would need
to be shifted 2 lenses forward in the optical path.
It should also be noted that the third to last lens
becomes technically redundant in this system, but
its removal would reverse the polarity of the system,
that is, the x-axis would become the line-axis, and
the y-axis would become the scanning axis. As such,
all rotationally asymmetric optics downstream of
this lens on the path to the sensor would need to
be rotated 90 degrees to accommodate.
Finally, while it was shown that Fringe Zernike

Polynomial surfaces can be used to correct aber-
rations in the eye and approach the diffraction
limited retinal spot size, this is not a realistic
implementation of this design principle, as it would
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Fig. 21: Ray trace of the source to eye path with
additional achromatic relay telescope.

require a uniquely shaped piece of glass for each
possible configuration of an eye. In real systems,
these principles are implemented through the use
of adaptive optics, where a wavefront sensor is used
to detect wavefront errors. [6] This information is
then relayed to a deformable mirror which shifts
to counteract the errors, resulting in a reduction
of geometric aberrations. In effect, this is the same
as the optimization process used to determine the
coefficients of the Zernike polynomial by minimizing
wavefront error. [8]

VI. Conclusion
This project presents the design and simulation

of a line-scanning spectral-domain optical coherent
tomography (SD-OCT) system, with the combined
purpose of retinal imaging and detecting nanoscale
deformations in the rod outer segments using phase
sensitive OCT. The illumination optics are designed
to produce a 3 mm line field at the retina, while
maximizing numerical aperture at the pupil to
attain high lateral resolution imaging, with initial
predictions anticipating a diffraction-limited res-
olution of 1.81 µm. Beam synthesis propagation
(BSP) measurements yield a realistic aberrated
resolution of 7.00 µm. Line-scanning performance
demonstrates measurable lateral displacement with
mirror tilts up to 3◦, though resolution degrades
significantly off-axis, highlighting sensitivity to
relay telescope alignment and chromatic effects in
cylindrical optics. An alternative relay optic design
is proposed and demonstrates greatly improved
angular scanning performance, decreasing resolution
by -19%, -44%, and -66% at 1◦, 2◦, and 3◦ off-centre.
The spectrometer design successfully distributes
spectral components across ∼7.4 mm of the detector
with line widths of ∼17.7 µm, satisfying Nyquist
sampling requirements for the 6.5 µm sensor pixel
pitch and enabling accurate recovery of spectral
domain interference fringes. Further simulations
show that introducing Fringe Zernike Polynomial
based aberration correction can reduce the lateral

resolution by as much as 60%, illustrating the
impact of adaptive-optical wavefront correction
for approaching diffraction-limited imaging perfor-
mance. While assumptions such as an idealized
eye model and a simplified return path constrain
the accuracy of the simulated sensor response, the
system is able to achieve resolution well below
conventional clinical OCT scanners, though, the
requirements for cellular imaging are not obtained
and it is revealed to be a fundamental limit of OCT.
Overall, the design and results provide a feasibly
replicable framework for conducting phase-sensitive
retinal deformation measurements in the human eye,
and suggest clear pathways for future improvements
to the system’s performance.
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Appendix

Fig. 22: Example BSP input beam tab

Fig. 23: Example BSP output tab

Fig. 24: Example BSP gaussian beam fit table

Fig. 25: Example BSP output grid definitions tab,
bolded are settings for image surface

Fig. 26: Example BSP output controls
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