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Optical coherence tomography (OCT) has become increasingly important in fundamental research,

medical diagnostics, material characterization, and industrial process monitoring. OCT measures the

depth-dependent reflectivity of a sample with micrometer-scale resolution by analyzing the

interference between light reflected from the sample and a reference arm. Despite its widespread

application, OCT remains underrepresented in undergraduate curricula due to the complexity and cost

of commercial systems. Our contribution presents educational implementations of the two most

widely used OCT modalities: swept-source OCT and spectral-domain OCT. In our swept-source

setup, a grating monochromator is used as a tunable light source, providing a clear and cost-effective

realization of wavelength sweeping. For our spectral-domain setup, we developed a compact, self-

built two-dimensional spectrometer enabling efficient spectral acquisition. Both systems are capable of

producing three-dimensional representations of the internal sample structure. Designed with open

architecture and minimal complexity, these setups prioritize visibility of core principles, making them

well-suited for hands-on learning in undergraduate laboratory environments. # 2026 Author(s). All article

content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1119/5.0300824

I. INTRODUCTION

Optical coherence tomography (OCT) is an interferometric
imaging technique that produces depth-resolved, three-
dimensional images of samples by detecting light reflected from
optical interfaces, i.e., regions where the refractive index
changes. OCT has found widespread use across medical and
industrial fields. In particular, it has become the gold standard in
ophthalmology.1 Other medical fields applying OCT include car-
diology2 and gastroenterology.3 Further applications range from
quality control in contact lens manufacturing4 to the analysis of
biofilms5 and the non-destructive examination of artwork.6

Despite its widespread use, the educational potential of
OCT remains underexplored. OCT provides a rich context for
connecting abstract concepts, such as coherence, interferome-
try, and spectral analysis, to practical measurements, making it
a powerful tool for advanced undergraduate instruction. From
a pedagogical perspective, OCT enables students to revisit

interferometry principles, measure wavelengths, observe
white-light interference, and explore how the coherence length
of a light source determines axial resolution. These topics rein-
force core optics concepts in an application-driven setting.
While time-domain OCT has been successfully imple-

mented in teaching,7 Fourier-domain OCT, comprising
spectral-domain and swept-source approaches, offers addi-
tional learning opportunities and represents the current state-
of-the-art. Fourier-domain OCT introduces Fourier analysis
in a practical context and demonstrates the relationship
between modulation frequency on the spectrum and optical
path difference. It also allows exploration of sampling effects
and sensitivity roll-off, concepts that generalize to signal
processing. A low-cost spectral-domain OCT device has
been reported,8 but its black-box design hinders understand-
ing of the underlying mechanisms.
In this work, we present an open, modular OCT setup for

undergraduate laboratories that includes both spectral-domain
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and swept-source configurations and can be combined with a
previously published time-domain OCT setup.7 The spectral-
domain implementation employs a self-built camera-based spec-
trometer, introducing students to spectroscopy principles through
construction and use of the spectrometer. The swept-source
implementation uses a self-built grating monochromator for tun-
able illumination, which allows verification of the generalized
grating equation by measuring wavelength-dependent diffraction
angles. In both implementations, 3D data can be collected, and
the spectral-domain setup even enables real-time cross-sectional
imaging of the sample at a 50Hz acquisition rate. In addition to
understanding the physically rich imaging mechanism, the setups
can also be used for other investigations, such as refractive index
measurements and light source characterization. This experiment
is intended for the final stage of undergraduate studies, when stu-
dents have the necessary theoretical background. The degree of
experimental difficulty can be adjusted by the extent to which
the instructor pre-builds and pre-aligns the setup. At this stage,
the setup allows instructors to tie multiple topics together in a
comprehensive, hands-on experience.

The paper is structured as follows: After giving an over-
view of OCT in Sec. II, the necessary theory is presented in
Sec. III. In Sec. IV, the design, setup, and data processing of
the swept-source setup are described, followed by the same
for the spectral-domain setup in Sec. V. The measured data
for the different setups are then compared in Sec. VI. We
conclude on this work in Sec. VII.

II. OVERVIEW OF OPTICAL COHERENCE

TOMOGRAPHY

While there are many different OCT modalities,9–11 three
main approaches can be distinguished. In time-domain
OCT,7 a broadband, and therefore low-coherence, light
source illuminates a sample in one arm of a Michelson inter-
ferometer, while a reference mirror in the other arm scans
mechanically. Interference occurs only when the optical path
lengths of the sample and reference arms match within the
coherence length of the source. Thus, each reflective inter-
face within the sample produces a localized interferogram as
the mirror scans, allowing depth profiles to be reconstructed
and assembled into a three-dimensional image.

Although time-domain OCT was the first implementation
of the technique, it has largely been replaced by two Fourier-
domain methods: spectral-domain and swept-source OCT.
Both are based on the same physical principle:12 Depth-
resolved information is obtained by analyzing the spectral
interference pattern produced when light reflected from dif-
ferent depths within the sample interferes with light from a
fixed reference arm. The modulation arises from the different
interference conditions of the wavelength components. Each
reflector’s depth corresponds to a unique modulation fre-
quency on the spectrum. Figure 1(c) shows an example of a
modulated spectrum for the simplest case of a single reflec-
tor. By capturing the entire modulated spectrum, a Fourier
transform can be used to analyze the modulation frequencies,
which yields the entire depth profile in a single measure-
ment, eliminating the need for mechanical scanning of the
reference mirror that is required in time-domain OCT.

Spectral-domain OCT [Fig. 1(a)] and swept-source OCT
[Fig. 1(b)] differ in how the modulated spectrum is recorded.
In spectral-domain OCT, a broadband light source illumi-
nates the interferometer and a spectrometer is used to record
the modulated spectrum corresponding to the depth profile at

a single lateral position of the sample (A-scan). The sample
at that lateral position can be idealized as a series of discrete
reflecting interfaces. In swept-source OCT, the sample is
illuminated by a source with a narrow linewidth and tunable
wavelength. The resulting intensity at the interferometer out-
put is recorded for each wavelength in the tuning range to
acquire the modulated spectrum over time. For both meth-
ods, a beam scanner is typically used to illuminate a trans-
verse line of the sample to capture a 2D image (B-scan) or
an area of the sample to capture a full 3D image.

III. THEORY

First, consider a Michelson interferometer [see, e.g., Fig. 1(b)]
with a reference mirror at a distance zR to the beam splitter
and a single reflector in the sample arm at a distance z1 to the
beam splitter. The reflectivity from each interface is RR and
R1, respectively. The interferometer is illuminated by a light
source with power spectrum SðkÞ, where k ¼ 2p=k repre-
sents the wave number and k denotes the wavelength. The
intensity at the output of the interferometer is given by12

IðkÞ ¼ 1

4
SðkÞ RR þ R1ð Þ

þ 1

2
SðkÞ ffiffiffiffiffiffiffiffiffiffiffi

RRR1

p
cos 2k z1 � zRð Þ� �

: (1)

The first term in Eq. (1) does not depend on the distances
between the interfaces. It is given by the light source’s spec-
trum and the reflectivity. Therefore, it is constant and often
referred to as the “DC term.” The second term contains the
desired signal, and is called the “cross-correlation term.” The
cross-correlation term describes the interference between light
reflected from the sample interface with light reflected from
the reference. The oscillation frequency of the cosine is pro-
portional to the distance between the sample and reference
interfaces relative to the beam splitter. This distinct modulation
frequency within the spectrum, see Fig. 1(c), corresponds to
the difference in optical path lengths to the interface and refer-
ence and can be identified via a Fourier transform of the modu-
lated spectrum. Under the assumption that the reflectivities are
constant over the relevant wave number interval, the absolute
value of the Fourier transformed signal is proportional to12

jiðzÞj / AðzÞ RR þR1ð Þ þ 2
ffiffiffiffiffiffiffiffiffiffiffi
RRR1

p ½Aðzþ zR � z1ÞÞð
þAðz� ðzR � z1ÞÞ�; (2)

where AðzÞ ¼ F½SðkÞ� is the Fourier transform of the power
spectrum of the light source. For OCT, SðkÞ is assumed to be
sufficiently broadband and well-behaved such that AðzÞ is a
localized function with a single dominant maximum. The
first term of Eq. (2) corresponds to the DC term, while the
second term corresponds to the cross-correlation term with
two peaks at 6ðzR � z1Þ. Because of the symmetry, we can
restrict ourselves to one peak, e.g., at positive z-values.
Importantly, the width and shape of the peak is determined
by the power spectrum SðkÞ. For a broad spectrum, the peak
after the Fourier transform becomes narrow and vice versa.
This determines the axial resolution, i.e., the resolution in z.
More specifically, the axial resolution is based on the coher-
ence length lc of the light source, which is often approxi-
mated by a Gaussian spectrum with a center wavelength k0
and full width at half-maximum Dk,12
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lc � 2 ln ð2Þk20
pDk

: (3)

For a general sample, idealized as a set of discrete reflecting
interfaces located at distances zn from the beam splitter, the
intensity at the output of the interferometer can be expressed as12

IðkÞ ¼ 1

4
SðkÞ RR þ

XN
n¼1

Rn

 ! !
‘‘DC Terms

;;

þ 1

2
SðkÞ

XN
n¼1

ffiffiffiffiffiffiffiffiffiffiffi
RRRn

p
cos 2k zR � znð Þ� � !

‘‘Cross�correlation Terms
;;

þ 1

4
SðkÞ

XN
n¼1

XN
m ¼ 1

m 6¼ n

ffiffiffiffiffiffiffiffiffiffiffi
RnRm

p
cos 2k zn � zmð Þ� �0

BB@
1
CCA

‘‘Auto�correlation Terms
;;
: (4)

Multiple reflections within the sample are neglected for
this expression, as the typical reflectivities are small. For a

sample with multiple interfaces, additional terms are
obtained, which are called “auto-correlation.” The auto-
correlation terms are independent of the reference arm and
represent interference between light reflected from different
interfaces within the sample. Similar to Eq. (2), after Fourier
transformation, there is a peak for each of the cross-
correlation terms and each of the auto-correlation terms.
In practice, IðkÞ is sampled over a wave number range Dks

in N equidistant points kj (j ¼ 1;…;N). After a discrete
Fourier transform, commonly a fast Fourier transform, the
result jiðz‘Þj is obtained. Because of the symmetry in Eq. (2),
N=2þ 1 sampled points z‘ (‘ ¼ 0;…;N=2) are independent.
From the properties of the discrete Fourier transform, it fol-
lows that the depth samples are spaced equidistantly by
dz ¼ z‘þ1 � z‘,

dz ¼ 1

2

2p
Dks

; (5)

where the factor of 1=2 arises from the double pass within
the interferometer arms.
An important limitation of Fourier-domain systems is the

spectral resolution with which IðkÞ can be recorded. Beyond

Fig. 1. (Color online) Schematic overview of Fourier-domain OCT. The technique relies on recording a spectrum IðkÞ, where I is the intensity and k is

the wavelength, and depth information arises from spectral interference between the reference and sample arms of an interferometer. Spectral-domain and

swept-source are the two main data-taking methods, which differ in the way IðkÞ is recorded. (a) Spectral-domain: A broadband light source illuminates the

interferometer and a spectrometer is placed at the interferometer output. (b) Swept-source: The wavelength of the light source is swept through its range and

the intensity at the interferometer output is measured with a photodetector. In (a) and (b), the recorded spectrum IðkÞ encodes the depth profile of the sample at

a single lateral position. The sample at that lateral position can be idealized as a series of discrete reflecting interfaces located at distances zn. For both methods,

a beam scanner is typically used to illuminate a transverse line of the sample to capture a 2D image (B-scan) or an area of the sample to capture a full 3D

image. (c) The recorded spectrum IðkÞ is transformed into IðkÞ, where k ¼ 2p=k represents the wave number. We call IðkÞ the modulated spectrum. The modu-

lated spectrum is Fourier transformed to obtain the optical depth structure jiðzÞj (A-scan). The modulated spectrum and Fourier transformed result represent a

single reflector in the sample arm, where the optical path length to the sample reflector z1 differs from the optical path length to the reference mirror zR. The
large peak at z ¼ 0 comes from the DC component, i.e., the average intensity of the modulated spectrum.

323 Am. J. Phys., Vol. 94, No. 4, April 2026 Ulaganathan et al. 323
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a certain modulation frequency, the system is no longer able
to resolve the modulation, and thus the Fourier transform
cannot identify the corresponding path length difference.
The signal-to-noise ratio of the result after Fourier transform
decreases continuously up to this point, which is called
“signal roll-off.” The signal-to-noise ratio is halved at the
path length difference,12

z6dB � ln ð2Þk20
pdk

: (6)

Looking at Eq. (3), we can see that this is directly related to
the coherence length of the measured wavelength compo-
nents. The factor of two difference between Eqs. (3) and (6)
comes from the double-pass through the interferometer arms.
For spectral-domain OCT, dk is determined by the wavelength
resolution of the spectrometer, which includes wavelength
sampling by the camera. For swept-source OCT, dk is mainly
determined by the linewidth of the source, provided that the
wavelength sampling step size is smaller than the linewidth.

IV. SETUP AND MEASUREMENT—SWEPT-SOURCE

OCT

In this section, we explain how we implemented an educa-
tional swept-source, how the setup is aligned, and how data
acquisition and processing are performed to gain full 3D
information of the sample.

A. Experimental realization

A fundamental design goal for this educational setup was
to make the wavelength sweep visible to the naked eye. To
achieve this, we constructed a grating monochromator
designed to operate in combination with a white-light LED.
The setup is shown in Fig. 2. A white-light LED with a
nearly Gaussian spectrum [see Fig. 7(a)] is focused on an
entry slit. A subsequent lens collimates the light, which then
illuminates the grating. A lens after the grating focuses the
light onto an exit slit. The grating is mounted on a motorized
rotation stage. Thereby, the wavelength of the light exiting
the second slit can be chosen by the rotation angle of the
stage. The narrow-linewidth light exiting the monochromator
is collimated by a lens, focused by a cylindrical lens to
increase intensity and enters the interferometer. We choose a
full-field configuration, which means that a sharp image of
the sample is mapped onto the camera sensor via the objec-
tive lens and tube lens. This enables lateral assignment of
depth information. The swept-source measurement is per-
formed by rotating the grating from one end of the LED’s
spectrum to the other, while the camera collects images at
different wavelengths. Thus, for each pixel of the camera, a
spectrum is recorded.

B. Calibration

To relate the angle of the grating to the wavelength exiting
the monochromator, we use the generalized grating equation
given by

mk ¼ d sin �cð Þ þ d sin h� cð Þ; (7)

where the groove spacing of the grating is denoted as d, and
the diffraction order m is equal to one in our case. The angle
c is the angle between the incident beam and the grating

normal and h is the diffraction angle. For the monochroma-
tor, h is the angle between the incident beam and the beam
that passes through the exit slit. Because the diffraction angle
h remains fixed, the output wavelength is changed by varying
the angle c through rotation of the grating. Figure 3(a) illus-
trates the definitions of these angles.
To calculate the wavelength that is fed into the interferome-

ter, the angles c and h need to be determined. First, the grating
is rotated until the zeroth-order beam is directed back through
the entry slit. In this configuration, the grating is perpendicular
to the light path. This defines the angle c ¼ 0�, see Fig. 3(b).
The rotation angle c relative to this position is provided by the
stage. To determine h, the stage is rotated so that the zeroth-
order beam is directed into the exit slit, see Fig. 3(c). The grat-
ing rotation angle necessary to achieve this is the calibration
angle ccal, see Fig. 3(c). From the calibration angle, the angle
between entry and exit slit can be calculated as h ¼ 2 � ccal.
Using Eq. (7), one can then calculate the wavelength exiting
the monochromator for a given angle c, which can be read out
from the rotation stage. Example values for our setup are
h ¼ 2 � ccal ¼ 2 � 18�, d ¼ 1=2400mm, cStart ¼ �44:0� ðk
¼ 700 nmÞ, and cEnd ¼ �21:1� ðk ¼ 500 nmÞ.

Fig. 2. (Color online) (a) Photograph of the swept-source setup. (b)

Schematic of the beam path for the swept-source OCT configuration. Light

from the LED is focused through the entry slit, collimated, and illuminates a

holographic grating. The dispersed light is collected by a lens, which forms

a sharp image of the entry slit on the monochromator’s exit slit for each

wavelength component. The narrow-linewidth light exiting the monochro-

mator is collimated and then focused by a cylindrical lens before entering

the Michelson interferometer. The resulting interference is subsequently

detected by the camera, which captures a sharp image of the sample. This

image is formed on the camera sensor by the objective and tube lenses,

enabling lateral assignment of depth information. The swept-source mea-

surement is performed by rotating the grating, while the camera collects

images at different wavelengths.
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C. Data acquisition and processing

Assuming that the stage rotates at a constant angular
velocity x for the measurement duration T and L images are
acquired along the way, the rotation results in equidistant
angular steps dc ¼ xT=L ¼ ðcEnd � cStartÞ=L between the
images. It is advantageous to use a high groove density grat-
ing, such as the 2400 lines/mm holographic grating used in
this work, because this results in larger angular steps, making
the setup less susceptible to fluctuations in stage movement.
Following Eq. (7), the wave number for image j ¼ 1;…; L is
then given by

kj � 2p
d sin �cStart � jdcð Þ þ d sin h� cStart � jdcð Þ : (8)

This is an approximation since the stage keeps rotating dur-
ing the exposure time. Also, this assumes linear motion of
the stage in order to provide a constant angular velocity. We
have verified that the stage used in the setup provided suffi-
ciently linear motion.

As described above, we employ a full-field geometry in
which a sharp image of the sample is formed on the camera.
For each camera pixel, the measurement provides a modu-
lated spectrum acquired at equidistant angular steps, see
Fig. 4(a). The wave number corresponding to each angle is
then calculated according to Eq. (8). Because the grating
equation is nonlinear, the wave number spacing between
images is nonuniform. To apply a standard fast Fourier trans-
form, the data must be resampled onto an equidistant wave

number grid, which is achieved by linear interpolation
[Fig. 4(b)]. Applying a Fourier transform to the resampled
spectrum then yields the depth information for that pixel.
In a typical lab course, students should be guided through

the steps outlined in this section, and instructors should
supply the software for data acquisition and processing.
Developing such software from scratch would be challenging
for students and require skills and time beyond the scope of
most instructional laboratory settings. We are happy to share
the software we have developed.

D. Performance

The lateral resolution and the field-of-view are determined
by the microscope part of the setup, i.e., the objective lens,
tube lens, and camera. The microscope in this setup is
infinity-corrected with the camera sensor in the focal plane
of the tube lens. The optical resolution is primarily deter-
mined by the 75mm objective lens, while the magnification
is determined by the 200mm tube lens. This configuration
ensures that the camera’s pixel size does not become the lim-
iting factor for lateral resolution. In our testing, we could
resolve the lines of group 7 element 3 of a 1951 USAF tar-
get, corresponding to a lateral resolution of 6 lm.
The axial resolution is equal to the coherence length of the

recorded spectrum, which is determined by the light source
spectrum and the angular scan range of the grating. When
the scan range is chosen large enough (e.g., 500–700 nm),
the entire LED spectrum is recorded. For this case, we have
measured an axial resolution of 2lm. The setup enables an

Fig. 3. (Color online) Angle definitions and calibration for the monochromator. (a) The angle c is between the incoming beam and the grating normal. In the dis-

played case, it is defined as negative. The swept source is defined by the diffraction angle h, which is the angle between the beam coming from the entry slit, and

the beam that passes through the exit slit. To determine h, the grating is rotated to the position where the zero-order light is directed back into the entry slit, (b), and

the position where the zero-order light is reflected and exits through the second slit, (c). The rotation angle between the two positions is ccal, with h ¼ 2ccal.

Fig. 4. (Color online) (a) Data acquisition: For each camera pixel, the intensities for different rotation angles c are collected in equidistant steps. (b) Data proc-

essing for each pixel: Angles c are converted to wave numbers k, using Eq. (8), yielding the modulated spectrum. The intensities are then linearly interpolated

on an equidistant grid, so that the data can be Fourier transformed.
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instructive experiment exploring the impact of the recorded
spectrum. By reducing the angular scan range, the spectral
width is reduced, which worsens the axial resolution. The
reduced angular scan range also introduces sharp edges in
the recorded spectrum, which lead to side lobes in the result
after Fourier transformation.

The signal roll-off at larger measurement depths [Eq. (6)] is
primarily determined by the linewidth of the light exiting the
monochromator, provided that the wavelength sampling is fine
enough. The sampling steps can be chosen freely by adjusting
the ratio between exposure time and angular velocity. We typi-
cally measure at an average sampling step size of 0.2 nm. To
quantify the signal roll-off for an entry slit width of 100lm, we
have measured the signal strength in dependence of the
measurement depth for a single reflector in the sample arm. The
signal halves at a measurement depth of 160lm, which corre-
sponds to a coherence length of 320lm. Using Eq. (6), we can
thus estimate a linewidth of dk ¼ 0:5 nm for the light exiting
the monochromator. The setup can also be used to investigate
the aforementioned relationship between the linewidth of the
swept-source and the resulting signal. By increasing the slit
width, the linewidth of the light exiting the monochromator
becomes larger, and thus the coherence length is reduced, which
results in less signal at larger depths, as shown in Fig. 6.

A 3D measurement takes about two minutes.

V. SETUP AND MEASUREMENT—SPECTRAL-

DOMAIN OCT

In the following, we describe how our educational setup
collects the spectral information to gain full 3D information
of the sample.

A. Experimental realization

In standard spectral-domain OCT, a 3D measurement is
typically obtained by focusing light onto a single point on
the sample, collecting the returned light, and scanning the
spot over an area, to acquire data point by point. In research
or clinical systems, the acquisition process is optimized
for speed so that a cross-sectional image of the sample
(B-scan) appears in real time. While effective for imaging,
this rapid scanning makes it difficult for students to observe
how the data are gathered and processed, and the required
high-speed scanners add significant cost. For our educa-
tional setup, we choose a more accessible and demonstra-
tive approach. We use a self-built spectrometer that uses a
2D camera to record spectral information along one sensor
axis (horizontal direction). The other axis records data from
different lateral positions along a single line of the sample,
with a separate modulated spectrum captured for each

Fig. 5. (Color online) (a) Photograph of the spectral-domain setup. (b) Schematic of the beam path of the spectral-domain setup. A white-light LED illuminates

the interferometer. The interference between light coming from each point of the sample (1) and the reference mirror results in a modulated spectrum, which is

acquired by a spectrometer. The imaging lens projects an image of the sample onto the entry slit (2). Inside the spectrometer, the light is collimated and then

incident upon a grating at normal incidence. The focusing lens in front of the camera forms an image of the entry slit, and consequently of one line of the sam-

ple, on the camera sensor (3) for each wavelength component. The grating separates the wavelength components along the horizontal direction of the camera

due to diffraction. Thus, the spectrum for each point along the line of the sample is recorded within a single camera image. The depth information of the line is

obtained via a Fourier transform of the spectrum, yielding a cross-sectional image of the sample. To generate a 3D scan, the motorized stage moves the sample

perpendicular to the long axis of the slit. (c) Illustrations of the imaging at different points. (1) Sample that is imaged. (2) Image of the sample on the entry slit.

Only light from one line of the sample enters the spectrometer. (3) Light incident on the camera. For each wavelength component, an image of the entry slit,

and consequently of one line of the sample, is formed. Due to diffraction, different wavelengths are incident on different horizontal positions of the camera.
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position. This means each camera frame contains the depth
information needed to reconstruct a complete B-scan in a
single exposure. A 3D OCT image can then be assembled
by moving the sample at constant velocity along the
x-direction and recording successive frames. The setup is
shown in a photo and sketch in Fig. 5.

The same white-light LED as in the swept-source setup
illuminates the interferometer directly. A longpass filter is
used to make the spectrum more closely resemble a
Gaussian, to produce a clean OCT result [see Figs. 7(a) and
7(c)]. A lens at the output of the interferometer images the
sample onto the entry slit of the spectrometer. Thereby, the
entry slit not only serves as a typical spectrometer slit, but
also as a spatial filter. The slit limits the spatial extent of the
area on the sample from where the light is collected. In the
spectrometer, a 50mm achromatic lens behind the entry slit
collimates the light. The collimated light hits a 600 lines/mm
reflective grating at normal incidence. The horizontally dis-
persed light is collected by a 45mm achromatic lens, which
produces a sharp image of the entry slit on the camera sensor
for each wavelength component. The placement of the cam-
era unit can be challenging for students, as both its position
and angle must be correct. Proper placement is achieved
when the dispersed light passes through the center of the

45mm lens and is imaged at the center of the camera sensor.
To simplify this process, the camera height should be fixed
first, and students should be provided with an approximate
final position. We use the same 2D camera as in the swept-
source setup to save cost. Each horizontal line of the camera
image provides spectral information from a point on the
entry slit and, thereby, a point on the sample. This allows a
cross-sectional view of the sample (B-scan) to be constructed
from one camera image. For a 3D scan, the sample is moved
perpendicular to the optical axis by a motorized stage, while
the camera acquires a sequence of images.

B. Calibration and alignment

After setting up the spectrometer, it must be calibrated,
meaning that each horizontal pixel is assigned a wavelength
value. In our testing, using bandpass filters at 500, 560,
600, 633, and 694 nm (all with 10 nm FWHM, except 1 nm
FWHM for 633 nm filter) in combination with a quadratic fit
yielded a reliable calibration.
When the sample is changed, two adjustments are necessary:

(1) The distance between the entry slit and the imaging lens
must be set so that a sharp image is formed at the slit
position.

(2) The Michelson interferometer must be realigned.

In the measurement configuration described in Sec. VA,
these steps are not straightforward. Because of this, we have
designed the following procedure to minimize effort when
changing samples during a lab session:

(1) Positioning the entry slit: The slit must be located in the
plane where the imaging lens forms an image of the sam-
ple. The spectrometer is set up on a separate breadboard
so that the distance between imaging lens and entry slit
can be adjusted. We utilize the fact that a sharp image in
the plane of the entry slit translates to a sharp image on
the camera sensor, when dispersion by the grating is neg-
ligible. To reduce dispersion, a very narrow bandpass fil-
ter (e.g., 1 nm FWHM, 633 nm laser line filter) is
inserted in the beam path. The entry slit is removed (only
the slit, not the holder), and the entire spectrometer
breadboard is moved until a sharp image of the sample is
visible on the camera sensor. The breadboard is then
fixed in place with clamps.

Fig. 6. (Color online) OCT cross-sectional views (B-scans) of several layers of

adhesive tape, acquired with narrow and wide entry/exit slit widths (a) 100/

200lm and (b) 300/600lm, respectively. Both images are displayed on a loga-

rithmic brightness scale with identical brightness and contrast adjustments. The

tape is composed of a PET backing film and an acrylic adhesive. The deeper

interfaces appear broadened due to birefringence in the PET film. Increasing

the slit width broadens the source linewidth, leading to stronger signal roll-off

[Eq. (6)], and a reduced effective measurement depth.

Fig. 7. (Color online) Effect of the spectral shape and spectral width on the OCT result. (a) Spectrum of the LED with a 495 nm longpass filter (orange) and the

spectrum after passing through a flat top filter with a spectral width of 40nm (blue). (b) Logarithmic OCT cross-sectional view (B-scan) of a sample with a single

interface without the flat top filter. Because of the Gaussian-like spectrum, the interface appears as a single line in the result. (c) Logarithmic OCT cross-sectional

view (B-scan) with the flat top filter. Due to the smaller spectral width when using the flat top filter, the line corresponding to the single interface appears broadened.

Moreover, side lobes of both the DC term and the cross-correlation are visible as additional lines in (c), due to the shape of the spectrum.
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(2) Aligning the Michelson interferometer: First, the position
of the reference mirror is adjusted with the manual stage
until interference fringes are visible on the camera sensor.
Then, the angle of the sample relative to the reference plane
is minimized. This is done by maximizing the size of the
interference pattern, by iteratively adjusting the kinematic
holder of the sample and readjusting the manual stage of
the reference mirror to keep the interference pattern visible.

Once alignment is complete, the slit is reinstalled, the 1 nm
filter is removed, and the setup is ready for measurement.

C. Data acquisition and processing

As described in Sec. VA, one camera image yields the
spectral information for one transverse line of the sample. To
analyze an image, the intensity information along the hori-
zontal axis of the camera is assigned wave number values
according to the spectrometer calibration. Since the pixels of
the spectrometer camera are not equidistant in wave number,
a similar interpolation as in the swept-source case (Fig. 4) is
performed. After that, the data can be Fourier transformed.

Because every camera image captures the cross-sectional
depth information along a transverse line of the sample (B-
scan), the depth information can be viewed in real time. On a
sufficiently fast computer, the interpolation and fast Fourier
transform can be performed quickly enough that the cross-
sectional view (B-scan) can be observed with a refresh rate

of 50Hz, thus demonstrating one major advantage that OCT
has over other imaging modalities, e.g., confocal micros-
copy. This is also an advantage compared to our swept-
source implementation, where the entire 3D measurement is
needed to perform the interpolation and Fourier transforma-
tion. Here, the 3D measurement is optional. To gather full
3D data, the sample has to be moved perpendicular to the
incident light. One practical aspect for the 3D measurement
is the choice of the linear stage’s scan speed. Ideally, the
physical size of a pixel is the same in both directions of the
sample surface. However, the vertical direction is deter-
mined by the imaging and camera pixel size, while the hori-
zontal dimension is given by the frame rate of the camera
and the stage speed. To gain knowledge about the physical
extent of the camera image, we calibrate once with a USAF
calibration target. That way, we know the physical extent of
a pixel in the vertical direction and can choose the stage
speed accordingly for the horizontal direction.
In a typical lab course setting, students should be guided

through the procedures outlined in this section. Students can
calibrate the setup for 3D measurements themselves.

D. Performance

The lateral resolution was measured using a 1951 USAF
target. We could resolve the lines of group 5 element 6, cor-
responding to a lateral resolution of 18 lm.
The axial resolution is equal to the coherence length of the

recorded spectrum, which is determined by the light source
spectrum and the wavelength range on the camera. We have
designed the optical setup such that a majority of the LED
spectrum is recorded (approximately 500–700 nm). We have
measured an axial resolution of 2 lm.
The signal roll-off at larger measurement depths [Eq. (6)]

is determined by the linewidth of the light that is measured
by each pixel, i.e., the spectral resolution of the spectrome-
ter. From a measurement of the sodium D-lines, we estimate
the spectrometer resolution to be about dk ¼ 0:5 nm. Such a
spectral resolution results in a coherence length of 320 lm
[Eq. (3)] for the light measured by each pixel. This results in
a halving of the signal-to-noise at an optical depth of 160 lm
[Eq. (6)], which we have confirmed experimentally by mea-
suring the signal strength’s dependence on the measurement
depth for a single reflector in the sample arm.

Fig. 8. (Color online) Refractive index measurement. a) A cover glass of thickness sG ¼ 170lm is placed on a microscope slide. There is a small air gap of

thickness sA in between (typically on the order of 10lm). Panels (b) and (c) display spectral-domain OCT cross-sectional views (B-scans). Both images are

displayed on a logarithmic brightness scale with identical brightness and contrast adjustments. (b) With the reference arm blocked, only auto-correlation (AC)

lines are visible. (c) With the reference arm unblocked, both auto-correlation (AC) and cross-correlation (CC) lines are visible. To determine the refractive

index n, three quantities are needed: optical thickness of the glass zG ¼ nsG, optical thickness of the air gap zA ¼ nAirsA � sA, and the combined thickness of

glass and air gap z1 ¼ nAirðsG þ sAÞ � sG þ sA.

Fig. 9. (Color online) Logarithmic cross-sectional view (maximum intensity

projection) for an identification card with embedded security holograms. (a)

Acquired with the swept-source setup. (b) Acquired with the spectral-

domain setup. The axial position of the sample relative to the reference

plane differs from (a), which is why the cross-correlation signals appear at a

different depth.

328 Am. J. Phys., Vol. 94, No. 4, April 2026 Ulaganathan et al. 328

 
3
0
 
M
a
r
c
h
 
2
0
2
6
 
1
1
:
5
3
:
0
3



A 3D measurement takes about 15 s.

VI. MEASUREMENTS

Here, we show some examples of measurements that can
be performed with the two setups in an undergraduate labo-
ratory. First, we show two measurements that illustrate how
changing the system’s properties influence the OCT result.
Then, we show how the setups can be used to measure the
refractive index of a glass plate. Finally, two sample mea-
surements are shown.

A. Influence of the swept-source linewidth

on signal roll-off

In the swept-source setup, the slit widths can easily be
changed. Increasing the slit width broadens the source line-
width, which shortens the coherence length and leads to a
faster signal roll-off [Eq. (6)]. As a result, the effective mea-
surement depth is reduced. This is shown in Fig. 6 with sev-
eral layers of adhesive tape as a sample. Students can clearly
see that for larger slit widths, fewer layers are visible at
greater depths. This hands-on experiment connects the
abstract concept of coherence length with its concrete impact
on the OCT imaging depth. The effect observed here can
also be put into a more general measurement context: Any
high-frequency signal measured with a bandwidth-limited
device will exhibit decay in its Fourier-domain representa-
tion due to the filtering effect of the finite bandwidth.

We note that changing the slit width of the spectral-
domain spectrometer is possible, but is more involved and
gives a similar result.

B. Influence of the light source spectrum on OCT result

In both setups, spectral filters can be used to alter the spec-
trum of the light source. Because each peak along an OCT
depth profile (A-scan) is given by the Fourier transform of the
spectrum, changes to both the spectral width and the spectral
shape will affect axial resolution and image artifacts.13 To
demonstrate the influence of the spectrum on the OCT result,
a flat top filter with a spectral width of 40 nm is inserted. The
filter should be inserted at a location where the beam is colli-
mated and must not be placed in the interferometer arms. The
impact of this filter on the spectrum and the OCT result is
shown in Fig. 7, with the sample consisting of a single

interface. Using the flat top filter gives an OCT result with
worse axial resolution (Eq. 3 is not directly applicable, but
shows the relationship between spectral width and axial reso-
lution) and distinct side lobes, which fit the sinc function that
is expected from the Fourier transform of a rectangular func-
tion. This experiment provides students with a hands-on dem-
onstration of how source bandwidth governs axial resolution.

C. Measurement of the refractive index

Since OCT measures the optical path length, it can be
used to determine refractive indices.14 Here, we determine
the refractive index of a 170 lm thick cover glass placed on
top of a microscope slide [Fig. 8(a)]. This typically leaves an
air gap on the order of 10 lm between the cover glass and
the slide. Figure 8 shows the OCT result, and the assignment
of the lines to auto- and cross-correlation. The auto-
correlation lines correspond to distances between interfaces
within the sample, while the cross-correlation lines represent
the distances between each sample interface and the reference
plane. Blocking the reference arm causes the cross-correlation
lines to disappear, providing an easy experimental method to
distinguish them from the auto-correlation lines [see Fig. 8(b)].
The group refractive index n is approximated by

n � zG
z1 � zA

; (9)

where zG, z1, and zA are optical lengths, which are defined in
Fig. 8. This approach is adapted from earlier work,14 with
modifications to improve accuracy in the presence of an air
gap between the sample and microscope slide.
The measurement result n ¼ 1:5460:02 is close to the

published value of 1.55 for SCHOTT D263
VR

glass15 at
600 nm. The stated uncertainty is estimated from the readout
error of the interface depths.

D. Imaging

With an identification card as a sample, the volumetric
holograms in between two plastic layers can be visualized.
Figure 9 shows cross-sectional images of an identification
card for both setups. The relative distance between the
top surface and the reference plane was adjusted such that
the auto-correlation and cross-correlation are clearly
distinguished.

Fig. 10. (Color online) Measurement results for an OLED display. All images are displayed on a logarithmic brightness scale, and brightness and contrast have

been adjusted. (a) Acquired with the swept-source setup. (b) Acquired with the spectral-domain setup. Top: 3D view of the chip plane. Bottom: cross-sectional

view (B-scan).
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For the OLED display in Fig. 10, the pixels and the elec-
trical connections can be imaged in 3D with both setups. The
OLED measurement shows how OCT applies to real-world
devices students encounter daily. OCT is, in fact, used by
display manufacturers to ensure production quality.

VII. CONCLUSION

We have presented two educational setups for students to
explore Fourier-domain OCT. These two setups allow
hands-on investigation of the two most commonly used
OCT methodologies: spectral-domain and swept-source
OCT. Each setup demonstrates the underlying principles of
the method in an educational way and yields a three-
dimensional sample measurement. Although the setups pre-
sented here deliver good results, their main strength lies in
their focus on the methodology. With a simple and open
experimental realization, rather than a black box, we pave
the way for a better understanding of OCT, in particular,
and coherence, in general.

SUPPLEMENTARY MATERIAL

Please click on this link to access the supplementary mate-
rial, which includes notes on light source selection and a list
of the main components used to build up the two setups.
Print readers can see the supplementary material at https://
doi.org/10.60893/figshare.ajp.c.8245807.
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