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Abstract
Optical coherence tomography (OCT) systems are renowned for image construction using interferometric signals. While 
autocorrelation signals are often seen as unwanted artifacts in OCT images, this research diverges by extracting meaning-
ful information from them in order to crate tomographic images. This approach boasts simplicity, cost-effectiveness, and 
immunity to axial movement during imaging. However, it sacrifices accuracy in reconstructing certain sample characteris-
tics, potentially causing morphological distortions. Nonetheless, valuable structural insights can still be gleaned. Employ-
ing Fourier domain-based autocorrelation OCT (Au-OCT) with specific equipment, various samples were scanned under 
different conditions, including movement. Au-OCT proved resilient to vibrations and minor movements, without the need 
for an external reference mirror. These results endorse its viability for biological and industrial sample analyses, even in 
scenarios involving multilayered objects.
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1  Introduction

Optical coherence tomography (OCT) [1]    is an imaging 
technique that utilizes interferometry with short-coherence 
light to achieve micrometer-level depth resolution. It employs 
transverse scanning of the light beam to form two- and three-
dimensional tomographic images of biological tissues or other 
scattering media. The primary source of image contrast in opti-
cal coherence tomography (OCT) is the scattering properties 
of the media, which are intrinsic to the light-tissue interaction. 
This enables detailed, label-free visualization of subsurface 
structures in translucent or opaque materials. In essence, OCT 
employs a Michelson interferometer and a broadband, near-
infrared light source that emits a beam, which is split into two 
paths by a beamsplitter. One part of the light beam is directed 
to the reference arm and reflected by a reference mirror back 
to the beamsplitter. The other part of the light beam is directed 

towards the sample being imaged. The light is focused and 
scanned across the desired imaging area, and the backscattered 
light from the sample recombines with the reference beam at 
the beamsplitter. Due to the different path lengths traveled by 
light in each arm (reference vs. scattered from the sample), 
an interference pattern is created when the beams recombine.

There are two main types of OCT systems [2] differenti-
ated by their approach to analyzing the light source and 
resulting interference pattern: time-domain OCT (TD-OCT) 
and Fourier-domain OCT (FD-OCT). The first OCT design 
was TD-OCT, which employs a single detector and obtains 
depth information by physically moving the reference arm 
back and forth, changing its optical path length. Despite its 
relatively simple design, TD-OCT has lower depth resolu-
tion due to limitations in precisely controlling the reference 
arm movement. It is more susceptible to motion artifacts 
because of the physical movement of the reference arm and 
has slower scan speeds compared to FD-OCT methods.

FD-OCT, on the other hand, detects and analyzes the 
spectral interference pattern. The entire spectrum of the 
resulting interference pattern is captured by a spectrometer 
simultaneously, and by applying a Fourier transform analysis 
to the recorded signal, the depth information of the imaged 
sample is obtained. This modality is faster compared to TD-
OCT, reducing motion artifacts. FD-OCT is further divided 
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into two implementations: spectral domain OCT (SD-OCT) 
and swept-source OCT (SS-OCT). They differ in hardware 
implementation; SD-OCT uses a broadband light source and 
a spectrometer, while SS-OCT employs a tunable laser source 
that rapidly sweeps across a range of wavelengths, allowing for 
even faster acquisition speeds compared to standard SD-OCT.

The image use of OCT as described provides structural 
information about the sample and its optical properties. On 
the other-hand, functional OCT (fOCT), a modification on the 
acquisition and data analysis, captures information about tissue 
function by measuring parameters sensitive to physiological 
processes, such blood flow (OCT angiography), [3] oxime-
try (visible light OCT), [4] and metabolic activities (dynamic 
contrast OCT) [5]. The ability to use OCT to measure depth 
resolved structural, functional, and optical features is attractive 
to several area of application. This technology has become 
essential clinical technique in ophthalmology for diseases 
diagnoses, such of age-related macular degeneration (AMD) 
[6, 7] and diabetic retinopathies [8]. OCT also finds applica-
tion in other medical fields such cardiology, [9, 10] dermatol-
ogy, [11, 12] gastroenterology, [13] and neurology, [14] and in 
non-medical fields such as agriculture [15] and industry [16]. 
Despite a valuable optical imaging tool, OCT presents some 
limitations. Two of the OCT limitations are the image depth 
and motion artifacts. The image depth is limited by the light 
penetration, which is affected by the light-tissue interaction, 
highly scattering media like blood or bone can significantly 
attenuate the light signal. Sample movement can introduce 
image artifacts and make it difficult to interpret the image and 
perform measurements. Moreover, if the motion in the axial 
direction is larger than the image range, no signal from the 
sample can be obtained.

As stated before, OCT signal is a function of the opti-
cal path length difference between the reference and sample 
arms. If the reference can be changed in synchrony with 
sample axial motion one could always obtain the OCT sig-
nal. One way to obtain such of synchrony is by replacing the 
reference mirror by the high reflectance surface of the sam-
ple, creating the so-called self-interference or autocorrela-
tion OCT (Au-OCT) image. In this work, we overview theo-
retical basis of OCT identify how to obtain the Au-OCT; we 
describe and implement the Au-OCT optical setup and tested 
our approach to obtain the depth information of scattering 
samples under highly vibration environmental conditions.

2 � OCT Fundamentals

To understand how the here proposed Au-OCT method obtains 
the depth information of scattering samples under highly 
vibration environmental conditions, we first briefly revise the 
fundamentals of OCT interferometry. OCT uses a Michelson 
interferometer, as depicted in Fig. 1, using a reference mirror 

to precisely determine the optical delay and determine the 
spatial location of individual structures within the sample. By 
developing the low coherence interferometry equations (com-
plete demonstration can be found on literature [17–19]). The 
light source spectrum S(k) is divided into the reference and 
sample arms by the beamsplitter. The reference mirror reflects 
the light with a reflectance ar at the r position. Similarly, the 
sample backscatters the light with a power as(z), as a function 
of the axial position z. After recombining in the beam splitter, 
the resulting spectral interference intensity I(k), Eq. 1, contains 
the sample structural depth profile information.

For simplicity, assuming a perfect mirror at the refer-
ence arm ar(r) = 1, and setting r = 0, Eq. 1 reduces to Eq. 2. 
Setting r = 0 is possible because in an interferometric setup 
only the difference between the optical path lengths between 
reference and sample arms matters, so we can arbitrarily set 
r to zero.

Expanding the square modulus, applying the Fourier 
identity, and considering the symmetric Fourier properties, 
let us assume âs(z) = as(z) + as(−z) , one can find Eq. 3. One 
can find the stepwise description under the reference [19].

The third term of the sum inside the parentheses is the 
autocorrelation (AC) term. We can also rewrite the two inte-
grals as the Fourier transform of âs(z) and the AC

[
âs(z)

]
 , 

Eq. (4). Finally, to recovery the depth backscattering profile 
âs(z) , an inverse Fourier transformation can be applied over 
Eq. 4, resulting in Eq. 5.
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the light source coherence length with the reference mirror 
scattering profile (delta-like function). ‘A ⊗ C’ is the cross-
correlation term, corresponding to the conventional OCT 
signal. This term involves the convolution of the reference 
mirror scattering profile with the sample scattering profile. 
‘A ⊗ D’ is the autocorrelation signal term, representing the 
mutual interference between all the layers within the sample.

3 � Autocorrelation OCT (Au‑OCT)

By removing the reference mirror from the OCT setup 
(Fig. 1 without the dash-dot region), the Eq. 6 reduces 
to the autocorrelation term (‘A ⊗ D’). In principle, the 
absence of a reference should turn the autocorrelation 

signal challenging interpret. The autocorrelation signal 
only provides information about distances between any 
two reflective structures within the sample. Figure 2 illus-
trates the morphological bias present in the autocorrela-
tion interferometry imaging (Au-OCT). In the figure, the 
letters i, j, and k identify the structures, and the pairs of 
them indicate the mutual interference responsible for the 
reconstruction of specific structures.

However, in a real scenario, things can unfold quite 
differently. It is often the case that samples exhibit high 
reflectivity at the first surface, due to a high refractive 
index mismatch between the surround media and the sam-
ple. Under this condition, the reflectance of the first sur-
face of sample acts as the ‘reference mirror.’ The OCT 
signal is formed mainly by the interference between the 

Fig. 1   OCT optical setup, based 
in a Michelson interferometer. 
Light from the source is divided 
and directed towards both 
the reference mirror and the 
sample, where it is reflected by 
the sample's surface and inner 
structures. The reflected light 
from these features recombines 
and is captured by the photode-
tector. In an Au-OCT setup, the 
reference arm is not necessary. 
Instead, the system analyzes 
only the light reflected from dif-
ferent depths within the sample, 
specifically the interference 
between them

Fig. 2   At the first column, a schematic illustration of a hypotheti-
cal sample, where the black horizontal lines represents scattering 
surfaces. The OCT images, at the second column, map the physical 
structure correctly. In the other hand, at the third column, the Au-

OCT image could misinterpret the sample, leading to images with no 
correspondence with reality. The dotted line represents the surface of 
reference (missed information)
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reflectance of the first surface and the internal scattering 
of the sample. In other words, referring to the definitions 
in Fig. 2, the signal of ‘i’ and all other structures would 
contribute differently than those without ‘i,’ making other 
contributions negligible. From this perspective, one might 
perceive this approach as cross-correlation interferometry 
term present in Eq. 5. However, despite the reflectance 
from the first surface being stronger than the scattering 
from the inside structures of the sample, it is not a delta 
function such in the case of a mirror use. It is essential to 
recognize that the entire backscattered signal, encompass-
ing all mutual interferences, is captured by the system, 
making it a genuine autocorrelation system. By removing 
the reference mirror, one replaces an external zero delay 
(or reference) by the sample first surface zero delay. In 
this way, all the images obtained by this configuration 
should be flatten. Despite the loss of topographic infor-
mation, Au-OCT can offer advantages in some situations. 
For instance, the Au-OCT system’s insensitivity to vibra-
tion and movement along the axial direction, there is no 
need for image registration, which is a computational and 
time-consuming process. In many OCT applications, the 
sample optical attenuation coefficient is measured for dif-
ferential diagnosis. It requires the use of image registration 
and flattening algorithms before the OAC measurement. 
In other cases, one might be interested in measuring the 
thickness of internal structures or layer integrate, e.g., both 
scenarios could benefit from this method. Samples like 
teeth or nails exhibit a stronger reflection due to the higher 
refractive index (n ~ 1, 6) [20] and their surface smooth-
ness of these provides higher specular like reflection, mak-
ing it more suitable to Au-OCT.

It is important to note that this approach is not intended to 
replace OCT systems but rather to complement the capabili-
ties within the realm of optical coherence tomography. For 
some class of samples be like soft tissues, which presents 
lower intensity light reflection due to the smaller refrac-
tive index (n ~ 1, 4) [21], or applications where the sample 
topography is a important feature, conventional OCT could 
still the best choice.

In the literature, only a limited number of studies have 
addressed the use of the autocorrelation signal in OCT. Most 
of these studies focus on autocorrelation as a potentially det-
rimental signal in OCT images and aim to eliminate it, as 
demonstrated by Wang et al. [22], Vergnole et al. [23], and 
Moon et al. [24]. Similarly, Shalaby et al. [25] and Nanda-
kumar et al. [26] have pursued the same objective.

A few studies have discussed the possibility of using the 
autocorrelation signal to extract useful information. For 
instance, Lychagov et al. [27] demonstrated its applica-
tion in measuring the distances between glass slides. Simi-
larly, Fercher et al. [28] utilized the autocorrelation signal 
to measure intraocular distances, although no imaging was 

performed in their study. Additionally, Modell et al. [29] 
presented a setup capable of selecting specific autocorrela-
tion signals from a sample.

In this way, although many studies have exploited the Au 
signal to extract useful data from samples, none of them have 
performed comprehensive images from complex structured 
samples. The Au-OCT have some advantages over OCT in spe-
cific cases, such as axial movement insensitiveness, leading to 
the objective and originality of the present work: perform and 
compare images from autocorrelation signal with regular OCT.

4 � Au‑OCT Setup Implementation

This study was performed using a pigtailed super lumines-
cent light-emitting diode SLED (Qphotonics Inc., Virginia, 
model QSDM-830–2) with emission centered at 831 nm, 
spectral bandwidth of 26 nm, and optical power of 2 mW @ 
195 mA, providing an axial resolution of 11.7(5) μm. The 
SLED output was coupled in an optical circulator (Thorlabs 
Inc., New Jersey, model PIOC850000THL01). The light was 
guided through the optical circulator to the collimator (Thor-
labs Inc., New Jersey, F240APC-C), then, a scanner system 
(GSI LUMONICS Inc., California, USA) and a scan lens 
(Thorlabs Inc., New Jersey, model LSM03-B3).

The reflected light by the sample was collected through 
the same optical path to the optical circulator, which led the 
backscattered light to the spectrometer (model USB4000, 
spectral range 599–898 nm, Ocean Optics Inc, Dunedin, 
Florida, USA). Figure 3 illustrates the setup. The signal 
processing followed the methodology described by Dorrer 
et al. [30].

Fig. 3   The optical setup: The super luminescent LED (SLED) was 
coupled to the optical circulator (OC) which was coupled to the colli-
mator (c). The light beam was then guided by the optical fiber till the 
galvanic scanner system (G) and focused by the scanning lens (L) at 
the sample (S). The back scattered light performed the inverse route 
and guided to the spectrometer (ESP), where the interferometric pat-
tern was analyzed
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5 � Validation

For validation, a commercial OCT (model spectral radar 
930 nm with 6.2 μm of axial resolution, Thorlabs Inc, Nor-
folk, Virginia, USA) was used to compare results with the 
setup under study in this work.

6 � Results and Discussion

Measuring a Scotch tape roll as a dummy sample was done 
in order to test the setup. The regular OCT image is pre-
sented as the gold standard in Fig. 4. In the Au-OCT image, 
it is possible to detect the tape layers even at deeper lev-
els. Both images exhibit the same morphological features, 
accounting for differences between techniques. In both 
images light scattering centers formed by air gaps smaller 
than the system resolution are visible.

By imaging a double-sided tape, a more diffuse reflec-
tive sample (first column of Fig. 5), the striping peel (waxed 
paper), had a very smooth surface, making it easier, due to 
its more specular-like reflection, to perform Au-OCT. More 
than one layer of different materials could be visualized, and 
the image morphology matched that of the OCT images.

The image of a prosthetic tooth, Fig. 5 middle column, 
interestingly shows two distinct layers, suggesting that the 
prosthetic tooth was produced in two steps first the core and 
later the shell. Microbubble-like structures also were found 
in the image and was identified as quartz or glass beads, 
commonly used to improve sample’s physical strength.[31] 
The Au-OCT was again capable of detecting the same infor-
mation, albeit with a bit more noise in the images. Finally, 
a human tooth was used; recorded images are shown at 
Fig. 5 last column. Two layers were easily identified, as 
expected the enamel and dentin underneath are visible in 
both techniques.

Despite different, Au-OCT images present the same fea-
tures observed in the conventional OCT images. The advan-
tage of Au-OCT over OCT becomes clear when the sample 
starts to move in the axial direction.

6.1 � Moving Sample Test

To demonstrate that the Au-OCT is non-sensitive to move-
ments in the axial direction, we attached histological slide, 
175(5) μm thick, to a loudspeaker connected to a function 
generator (model F62A; Wavetek San Diego, Inc., San 
Diego, USA), configured to produce a sinusoidal pattern 
with frequencies ranging from 0 to 1000 Hz. Images were 
once again captured with an the Au-OCT and OCT to com-
pare the results, as shown in, Fig. 6.

Setting the function generator to 0 Hz, steady images 
were obtained with both systems for comparison and to 
detect any possible abnormalities. The images can be seen 
in Fig. 6, confirming that both systems were working 
as expected. At 15  Hz, when using the OCT system, 
a wave pattern is observed due to the combination of 
B-scan speed and the movement of the speaker, while 
with Au-OCT, the image remained steady. At 100 Hz, the 
phenomenon was even more pronounced, yet the Au-OCT 
continued to behave as if there was no movement at all. 
The focal geometry (confocal parameter) did not cause 
perceptible changes in intensity for Au-OCT with this 
displacement size.

Fig. 4   OCT and Au-OCT images of scotch tape roll at left and at 
middle, respectively. At the right, the integrated scattering profile of 
the Au-OCT image. The solid line represents the data and the dashed 
fitting, showing the oscillation in the scattering intensity

Fig. 5   OCT images at the top and Au-OCT at the bottom for the fol-
lowing samples, respectively: double sided tape, prosthetic tooth, and 
human tooth
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Images of a human tooth were captured with the sample 
both still and vibrating at 40 Hz, as shown in Fig. 7. The Au-
OCT performed images with no deformations or problems 
due to the sample movement, showing its vocation to per-
form images in live/moving situations and in environments 
where vibration cannot be avoided, as found in industries or 
living subjects imaging.

One of the benefits of using Au-OCT to image mov-
ing samples is that averaging multiple B-scan becomes a 
straightforward process. Averaging multiple B-scan is a 
powerful and broadly used method to reduce a variety of 
noises[32] including speckle [33] in OCT. Comparing the 
average of five B-scans acquired at the same location for 
a static and moving dummies sample (Fig. 8), it is possi-
ble to verify that, in situations without movement (Fig. 8 
left column), both systems can observe the same sample 
properties, reconstructing the sample’s physical morphology 
correctly. However, when the sample starts to move (Fig. 8 

middle column), conventional OCT loses crucial morpho-
logical information showing a wavy tomographic profile 
of tape layers, even mixing layers causing false structures 
due to the beating between sample movement. The aver-
age image obtained from conventional OCT image became 
blurred when the image is acquired under vibration (Fig. 8 
top right), while the same results is obtained using the Au-
OCT (Fig. 8 bottom right). Additionally, the Au-OCT pre-
sented a clear image with reduced noise (boxes “a” and “b” 
at Fig. 8) due to the proper averaging process, showing the 
practical advantages of the proposed approach.

Fig. 6   OCT and Au-OCT images of a glass slide from rest till 100 Hz of 
oscillating motion. Is it possible to verify that Au-OCT images remain 
the same independently of neither the frequency nor the amplitude

Fig. 7   Human tooth imaged by OCT (upper row) and Au-OCT (bot-
tom row), at rest (left) and moving (right). The OCT image becomes 
distorted when the sample starts to vibrate
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7 � Conclusions

The use of conventional OCT to image samples under fast 
axial motion prevents the technique to obtain reliable and 
useful information regarding the sample optical properties. 
The herein proposed Au-OCT solve this problem by replac-
ing the reference mirror of the OCT interferometer by the 
reflection of the air-sample interface. We demonstrated the 
use of Au-OCT to image a variety of samples, as long as the 
first surface reflection has sufficient reflectivity. For indus-
trial applications in plastic films and multi layered transparent 
media imaging, where there is simple, layered, and glossy 
structured, the Au-OCT could provide reliable dimensional 
measurements under highly vibration environmental. For 
biological application, the technique also shown potential for 
measuring a class of problems where the important feature 

is how the light propagates inside the sample, such for meas-
uring the optical attenuation coefficient differences between 
sound and abnormal tissue. For example, is to obtain this fea-
ture from tooth structures, such as enamel. One limitation of 
the Au-OCT is that it relies on the first surface reflectance of 
the sample, typically the air-sample interface. The maximum 
reflectance is achieved when the objective lens focus is posi-
tioned at this interface. If the samples away from the focus, 
the reflectance can be reduced, reducing the image contrast. 
Even though, interferometric technique has a high sensitivity, 
so it can still produce useful images for several applications. 
Finally, future application on odontology and dermatology 
for differential diagnosis, as well as industrial application for 
non-destructive evaluation in real-time manufacturing pro-
cess, can benefit from this technology and will be explored 
in future work.

Fig. 8   Images of a scotch tape roll, at the first row OCT and at second 
row Au-OCT. The first column shows the samples at rest, second col-
umn samples in motion @200 Hz, again the OCT exhibits morpho-
logical distortion while Au-OCT does not. At the last column sam-

ple moves @200 Hz and an averaging of 5 a-scans were performed. 
The OCT image is completely blurred, and the Au-OCT shows better 
quality than sample at rest due to the averaging
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