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Annotanusg. B pabGote mnpeacTaBieH HETpPaAWMIIMOHHBIA Momxod K  oOpaboTke
MHTEPEPEHIIMOHHBIX  CUTHAJIOB  OMNTHYECKOW  KorepeHTHOW  Tomorpadusu  (OKT),
TMO3BOJISTIONINI  TOOUTHCS KPATHOTO YAYYIIEHUWSI €€ TMPOAOJbHOW TMPOCTPAHCTBEHHOMU
paspetatonieii crnocooHoctu. [IpennoxxeHHbIN METON OCHOBAH Ha MCTOJIb30BAHUM aJTOPUTMA
cnekTpaiabHoi oueHku root-MUSIC. OmnpeneneHbl mapaMeTpbl 3TOro ajJropuTMa, KOTOpbie
o0ecreynBalOT HaxXOXIEHWE KOOPAMHAT OTpaxartejaell BHYTPM uccieayeMoro obpasua. B
XO/Ie MPOBEIEHHBIX TEOPETUUECKMX M UYMCIEHHBIX OLEHOK ONpeaesieHbl U ChpOpMYIUPOBAHBI
TpeboBaHUs K oOecredyeHno cBepxpaspelieHus anroputMom root-MUSIC. TIposepka
9(hGEKTUBHOCTA TIPEMJTOXKEHHOTO METO/Aa TPOBEJACHA TyTEM W3MEPEHUST TEOMETPUUYECKUX
MapaMeTpoB TMOMEPEUYHBbIX CEYEHUN MHOTOMOJOBBIX M OJHOMOJOBBIX ONTUYECKUX BOJIOKOH.
DKcrnepuMeHTaIbHbIE PE3YJIbTaThl TOATBEPAUIY MHOTOKPATHOE YIy4dllleHE TPOCTPAHCTBEHHOM
paspeuatonieit cnocooHoctu OKT.
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Introduction

Advances in photonics and its widespread adoption led to revolutionary transformations in
various fields of science and technology, such as information and communication technologies,
communication systems, sensor technologies for monitoring energy and construction facilities, as
well as medical diagnostics. Optical fiber is an integral part of modern infrastructure, serving both
as an information transmission medium and a sensing element in various devices. As great strides
are made in photonics, there is a growing demand for nondestructive testing of components of
fiber-optic systems for diagnostics and maintenance purposes; these systems include optical fibers
in complex fiber-optic assemblies, as well as waveguides in photonic integrated circuits.

Optical reflectometers are often used as diagnostic tools for various optical waveguide
structures [1]. However, they can only localize gross defects [2] and cannot visualize the defect,
let alone a specific region of the fiber, for example, the splice between two fibers. Methods for
preform diagnostics [3, 4] have a relatively low spatial resolution and are unsuitable for diagnosing
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optical fibers without significant modification. Modern fiber-optic splicers can visualize the splice
point only after splicing, however, the observed image is often qualitative and does not provide
sufficient information to interpret the result in the case of splicing of different types of fibers.

Detailed visualization of the splice point in various fibers is crucial for development of fiber-op-
tic sensors based on intermodal interferometers. Photonics methods are preferable for such visu-
alization, as they can be integrated directly into the manufacturing process and there are no
irreversible effects on the object under study.

Optical coherence tomography (OCT) [5] is an advanced experimental technique for study-
ing various materials and transparent objects, providing three-dimensional images. OCT images
are acquired from the so-called A-scans, representing the depth-resolved reflectivity profiles of
the laser light backscattered from the sample. Moving the probe light beam over the sample
surface and combining the obtained A-scans corresponding to different longitudinal sections of
the sample yields 2D and 3D images (B and C-scans). Spectral-domain OCT (SD-OCT) has
become widespread: in this case, 4-scans are calculated as discrete Fourier transforms of spectral
interference signals obtained from the interference of the reference wave with the scattered and
backscattered light inside the sample.

The main application of OCT is biomedical diagnostics, which includes areas such as oph-
thalmology, endoscopic imaging, tissue characterization, and others [6]. A number of studies also
applied this method for monitoring optical systems [7], testing semiconductor devices [8], and
monitoring the additive manufacturing process [9]. Furthermore, OCT was used for measuring the
core diameter in multimode optical fibers [10], which is often performed by other methods [11, 12].

As with any imaging device, the spatial resolution 8z is an extremely important parameter for
an OCT system. Since the longitudinal (in the direction of the probing beam propagation) and
transverse (perpendicular to this direction) components of spatial resolution in OCT systems
are determined by diverse factors, they can differ significantly, just as the methods for their
improvement are different. The longitudinal component in SD-OCT depends on the spectral
bandwidth AL where the interference signal is measured [13]. The relationship of the longitudinal
resolution with the parameters of the spectral band where the interference signal is measured is
described by the expression

Az = m(h ) (2AN), (1)

where A, is the central wavelength of the spectral band used; m is the proportionality coefficient
depending on the spectral shape of the light source (typically, m = 1).

Standard telecommunication optoelectronic components are the most common and acces-
sible for implementing optical measuring systems operating in the spectral bands with central
wavelengths of 1.30 and 1.55 um. Typical tunable lasers and superluminescent diodes operating
in these ranges provide spectral bandwidths up to 80—100 nm. Taking into account Eq. (1),
the resulting longitudinal spatial resolution of such OCT systems can range from 8.5 to 15 pm.
The requirements for spatial resolution for nondestructive testing of fiber-optic components and
photonic integrated circuits are on the order of a few micrometers and less.

However, it is impossible to improve the resolution by simply increasing the spectral band-
width AX, since the properties of available optical sources and the influence of chromatic disper-
sion of the material impose certain restrictions on this width [13, 14].

Acquisition of A-scans is equivalent to estimation of the spectrum of a polyharmonic sig-
nal. Therefore, various methods such as MUSIC and ESPRIT, capable of providing
super-resolution [15—17], can improve the quality of OCT images. However, as shown in [18],
the proposed improvement comes with some fundamental limitations related to the signal-to-
noise ratio of the interference signal.

In this paper, we propose to increase the longitudinal spatial resolution of the SD-OCT system
by using an improved signal processing technique.

The advantage of the proposed method is demonstrated by visualizing the cores of various
optical fibers, including single-mode ones. The proposed approach can expand OCT to appli-
cations with requirements for high spatial resolution, for example, imaging of cell structures in
biology, testing of photonic integrated circuits, and many others (some are currently even difficult
to predict).
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Interference signal processing for improved spatial resolution

The following model of the interference signal is used in this paper. The object under study
is transparent, with no scattering centers distributed throughout its volume; the light inside the
object is reflected from N interfaces between layers with different properties. Each jth layer is
characterized by a refractive index n, and a thickness L When coherent waves backscattered
within the sample undergo superposmon with the hlgh -intensity reference wave, interference
occurs. If the reflections within the sample are assumed to be weak, the mterference between the
target waves can be neglected.

The spectral interference signal for the described model can be written as follows:

N N i
S =1+ 1,+2> 11, cos [21(2 nL + j )
i=1 i=1 j=1

where n, L are the refractive index and the thickness of the jth layer, respectively; k is the wave
number k 2n/A; 1, I are the intensities of the incident light and the light reflected from the ith
interface; N is the number of interfaces; o, is the phase shift of the wave occurring upon reflection
from the ith interface (equal to 0 or « for normal incidence and dielectric surfaces).

It should be borne in mind that the quantities /, n, and ¢, may depend on the coherent radi-
ation wavelength A.

The purpose of OCT in this case is to estimate the internal structure of the object under study,
namely, the optical distances nj-Lj. As follows from Eq. (2), the procedure for acquiring A-scans is
equivalent to estimation of the polyharmonic signal spectrum. The simplest approach to perform-
ing such estimation is to calculate the discrete Fourier transform of the measured interference
signal S. However, the longitudinal spatial resolution of OCT turns out to be limited by classical
constraints described by Eq. (1).

On the other hand, it was shown in [19, 20] that spectral estimation methods such as the
root-MUSIC algorithm can achieve super-resolution [15, 16] and, therefore, can improve the
longitudinal spatial resolution of OCT. It was also found in [21] that the estimation errors of the
root-MUSIC algorithm can approach the fundamental Cramer—Rao bound, making this method
attractive for effective estimation of optical distances in OCT images.

Considering the signal described by Eq. (2) as a function of the light wavelength A, the spatial
frequencies w, of its interference components can be related to the optical path difference of the
components OPD, as follows:

o, =k, OPD,/(2n), (3)

where k is the center of the wavenumber range where the spectral interference signal is measured.
Therefore, after estimating the spatial frequencies by the root-MUSIC algorithm, the OPD
can be found as follows:

OPD, = Ln, =2nw, / k;. 4)

An important part of the root-MUSIC algorithm is to estimate the number of signal com-
ponents of the target signal &, which is necessary in cases where this number is unknown. This
estimate is typically obtained by analyzing the eigenvectors and eigenvalues of the covariance
matrix of the processed signal using various information criteria [22—24], as well as empirical
methods [17]. As a result of this analysis, the space of eigenvectors can be divided into two sub-
spaces: signal and noise. If the dimension of the signal subspace N' is known, it is formed by
eigenvectors corresponding to the largest eigenvalues.

However, in practice, the interference signal of OCT systems may contain a certain level of
noise that can affect the accuracy of estimating the number of signal components. For this reason,
it is necessary to investigate how the difference between the number of signal components N’ set
by the root-MUSIC algorithm and the true number of signal components N affects the accuracy
of estimating the frequencies of the signal components.
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For this purpose, we simulated a set of polyharmonic signals, randomly selecting such param-
eters as the number of signal components N, their frequencies f, amplitudes 4, and the level of
additive noise ¢ for each of them.

To control the complexity of the simulated signals, the maximum number of signal compo-
nents did not exceed a certain preset value N_ = 20. The number of components in each gen-
erated signal was assumed to be a random variable with a uniform distribution from 1 to N .

The frequencies of the signal components were also assumed to be random variables with
a uniform distribution from zero to half the sampling frequency f; the amplitudes obeyed
a log-normal distribution with parameters 1 = 0 and ¢ = 3; the standard deviation of addi-
tive noise was assumed to be a random variable with a log-uniform distribution between 1077
and 107*. The number of samples in the simulated signals was M = 512, which is close to prac-
tical values. The complete set consisted of 1,000 signals, each of which was characterized by
random parameters.

To determine the errors in estimating the frequencies of the signal components by the
root-MUSIC algorithm, we had to compare the frequencies found by this method with the
frequencies of the signal components. If we assume that the signal-to-noise ratio (SNR) of the
processed signal has a relatively high value and, consequently, the estimation errors of signal
component frequencies are relatively small, then the problem of finding this correspondence can
be formulated rather simply.

Specifically, it is necessary to calculate the matrix of squared residuals AF, between the true
values of the frequencies f and their estimated values /7

AF = (f—f ) )

The columns of matrix (5) correspond to the true values, and its rows correspond to the esti-
mated values. We applied the Hungarian algorithm [25] to this matrix, making it possible to find
the positions of certain elements of the matrix. The sum of these elements should be minimal,
provided that only one element is selected from each row and column of this matrix. Since all the
elements found were taken from unique rows and columns, thus minimizing the total error, the
required correspondence between the simulated signal components and the estimated frequencies
is guaranteed to be sufficiently accurate. The total error of frequency estimation (the sum of all
matrix elements selected by the Hungarian algorithm) was used as a performance metric for the
root-MUSIC algorithm under the given conditions.

The root-MUSIC method was used for all the simulated signals, so we obtained estimates of
the frequencies of their components. The dimension of the signal space (serving as an important
parameter of the root-MUSIC algorithm) varied in the range from 1 to N = 20. We should
clarify that the number of components whose frequencies were estimated corresponded to the
dimension of the signal space and had the maximum value N_ . Based on this, each signal was
processed by the root-MUSIC algorithm, where the deviation AN of the estlmated dimension
of the signal subspace from the true one (AN = N' — N) was varied over a certain range, with
a maximum absolute deviation value of about N = 20. Fig. 1 shows the dependence XZ[(Af)?]
(AN), where X is the total squared estimation error for the frequencies of signal components (Af)?
by the root-MUSIC algorithm depending on the deviation AN of the estimated signal subspace
dimension from the true one.

The obtained dependence is characterized by a lower error for deviations of the number of
signal components AN < 0, a sharp increase in error near AN = 0, and then an almost constant
level for AN > 0. The reason for the relatively high error for AN > 0 is that the sum of the squares
of all errors is analyzed, and large frequency errors of individual components make a much greater
contribution than the smaller ones.

When the deviation of the number of signal components AN turns out to be negative, the
root-MUSIC algorithm identifies only the components with the largest amplitudes. Accordingly,
these components had the highest signal-to-noise ratio (SNR) (since the noise level was the
same for all frequency components in the same signal), producing the smallest errors. While
root-MUSIC identified a larger number of components for AN values approaching zero, the
amplitudes of the components and the SNR values decreased, resulting in increased frequency
estimation errors manifested as a sharp rise in the total error. The sharp increase in error near
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Fig. 1. Sum of squared estimation errors for frequencies of signal components X[(Af)?]
as a function of AN, the deviation of signal subspace dimension from the true one
Curves shown: mean error (dashed line) and standard deviation band (shaded colored region)

the point AN = 0 suggests a potentially incorrect estimate of the signal component (its fre-
quency may differ greatly from the true one) under the influence of noise. This indicates that
in practical situations with a wide spread in amplitudes of the signal components, when there
is a probability of low SNR values, it is preferable to slightly overestimate the signal subspace
dimension if it is necessary to identify all the components. However, such a measure may
require additional identification of the components to exclude false components and retain the
correctly identified ones.

Additionally, we simulated the influence of signal subspace dimension on potential improve-
ment in the longitudinal spatial resolution of OCT. The parameters of the numerical experiment
were similar to those described above, the main differences were in a smaller number of inter-
ference components (there were only two of them). The amplitudes of the components were the
same, and the frequency differences were varied from 0.05//M to 1.00f/M (the quantity f/M
converted to the OPD in Eq. (2) corresponds to the resolution limit for processing with FFT
(see Eq. (1)). Numerical experiments were performed for three SNR values: 40, 60, and 80 dB.
The dimension of the signal subspace was set equal to 2, 4, 10, 20, 50, 100, 200. Calculations
for each combination of frequency difference of signal components, signal-to-noise ratios and
signal subspace dimensions were repeated with 30 different noise realizations to estimate the
standard deviation o, of the found signal component freauencies. If the difference between the
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Fig. 2. Dependences of normalized frequency resolution for root-MUSIC algorithm
on signal subspace dimension for different SNR values
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true and found frequency values was less than o, the root-MUSIC algorithm was deemed to
perform satisfactorily. The smallest frequency difference Af at which the root-MUSIC algorithm
performed satisfactorily served as an estimate of the resolution achievable under these conditions.
Fig. 2 shows the dependences of the normalized quantity Af/(f,/ M) on the signal subspace dimen-
sion V' for different SNR values.

As can be seen from the results of the numerical experiment, the optimal value of signal sub-
space dimension depends on SNR, however, values from 50 to 100 provide improved measure-
ment resolution compared to processing with FFT for all SNR values at which the numerical
experiment was conducted.

Experimental implementation of the method

Spectral interference signals were recorded with an NI PXlIe-4844 optical sensor interrogator
including a swept-wavelength laser and photodetectors. The optoelectronic module of the inter-
rogator is similar to the Micron Optics sil55-EV-04-1510-1590-0010-NO instrument, which has
the following characteristics:

spectral range A = 1.51—1.59 pm (central wavelength &, = 1.55 um, range width AL = 80 nm);

optical output power P, = 60 mW in each channel;

measurement frequency of interference signals equal to 10 Hz.

As established by our additional measurements [26], the noise equivalent power (NEP) of the
photodetectors used in the interrogator is 80 pW in the entire operating bandwidth (about 1 MHz),
the relative intensity noise (RIN) of the laser has a level of —50 dB over the entire frequency range.

The probe of the OCT system was a single-mode fiber optic patch cord with SMF-28 fiber.
The probe was connected directly to one of the channels of the interrogator. A common-path
OCT configuration was used, where reflection from the end face of the input fiber generates a
reference wave reflected from the fiber/air interface. The interference of this reference wave with
light waves backscattered from the irregularities of the object under study produces interference
signals. Both the OCT probe and the fiber samples were mounted on Standa 7TF2 flexure stages
ensuring micron positioning accuracy.

Evaluation of system performance

The noise level of the interference signal was estimated for the known parameters of the NI
PXle-4844 interrogator using the model from [27]. Neglecting the divergence of the light beam
exiting the OCT probe and assuming that the three waves with the largest amplitudes, reflected
from the glass/air interfaces (the end face of the OCT probe and both interfaces of the tested
fiber) are the main factor affecting the intensity of the reflected waves, we can easily estimate the
additive noise of the interference signal. Such noise is calculated as

6 .~3R_P RIN+NEP, (6)

where P, is the optical output power; RIN is the laser’s relative intensity noise; NEP is the
noise equivalent power of the photodetectors; R_ is the Fresnel reflection coefficient at the
glass/air interface.

The reflection coefficient follows the expression

F.

RFa - [(nﬁber - nair) / (nﬁber+ nair)]z’ (7)

where n ivey Ny ATC the refractive indices of fiber and air, respectively.

The value of R, in the spectral range of 1.55 pm is about 3.5%, which leads to an additive
noise level 6, ~ 1.5 nW,

To correctly estimate the amplitudes of the interference components, we should take into
account the divergence of light waves, which is relatively difficult if the curvature of the reflecting
surfaces and potential angular displacement are taken into account.

Thus, we deliberately overestimated the amplitudes of the interference components, because
we neglected the divergence of the beam, since it is clear that in practice the amplitude values

would be several times smaller.
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The reflections at the core/cladding interface of the optical fiber tested are the weakest within
the context of this study The Fresnel reflection for single-mode fibers with a refractive index
contrast of about 10~ between the core and the cladding is R~ 1.2-1077, which is five orders of
magnitude less than the reflection from the fiber/air interface: R =~ 0. 035

If all of the above calculations are combined, it is possible to obtain an overestimated SNR
value for the weakest interference component, which can be expressed as follows:

SNR=[2R R (P)l/(c, ) ®)

For the parameters listed above, Eq. (8) leads to an estimated SNR of 10 dB for interference
components generated by waves reflected from the interface between the core and the cladding.
Unfortunately, the Cramer—Rao bounds for polyharmonic signals cannot be expressed explicitly,
so they were calculated numerically in accordance with the procedure in [18]. The interference
signal was assumed to have four interference components with the following amplitudes A4, and
OPDs L:

A =A4,=35uW,4,=4,=6.5nW,
L, =30 pum, L, =115 um, L, =127 pm, L, =212 pm.

Under these conditions, the best achievable resolution for the estimated distance from the end
of the OCT probe to the core/cladding interface is the value ¢, ~ 1.2 nm.

Notably, several assumptions were made in the above reasoning, so the value of 1.2 nm may
turn out to be an overly optimistic estimate. Furthermore, the value calculated above is a mea-
sure of the minimum detectable change in the distance from the OCT probe to the core/cladding
interface rather than the spatial resolution, which characterizes the minimum difference in OPD
of independently resolved interference components. Additionally, the best performance of the
root-MUSIC algorithm is achieved in the case of a sufficiently large difference between the fre-
quencies of the signal components, which can be determined by traditional processing methods,
rather than in the super-resolution mode.

The above estimate of o, can also be used to assess the presence of parasitic mechanical
vibrations of the object con51dered For this purpose, it is necessary to measure the displacement
of the main reflectors, for example, by estimating the arguments of the main interference compo-
nents, as often done in spectral interferometry and phase-sensitive OCT [28, 29]. If the level of
measured vibrations significantly exceeds the value of ¢, , compensation for parasitic vibrations
should be carried out.

Measurement results

We measured the transverse profile of the reflection coefficient of coherent radiation for two
fiber samples:

multimode fiber coated with a polymer layer and a step-index profile (Thorlabs FGO50LGA);
SMF-28 single-mode fiber without coating.

The relative arrangement

TF of the probe and test fibers is

OCT-SP schematically shown in Fig. 3.

The optical fiber considered

> was mounted horizontally in

the flexure stage, the OCT

= probe was also positioned hor-

izontally, and the direction

of the probe in the azimuthal

plane was selected so that

Fig. 3. Schematic representation of mutual arrangement the amplitude of the observed
of test fiber and OCT probe (cross-sectional view): interference signal was maxi-
OCT system probe (OCT-SP); test fiber (TF). The vertical mum. The interference signals
arrow indicates the direction in which the probe moves, were recorded while the OCT

the blue arrows indicate the direction of reflected light waves. probe moved in the vertical
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direction; the signals corresponded to different cross-sections of the fiber considered; this
made it possible to visualize its cross-section as a two-dimensional scan (B-scan). The OCT
probe moved with a step of 2 pm.

As established in the course of numerical simulation, a high SNR value of the processed signal
is required for effective performance of the root-MUSIC algorithm. To improve the SNR in the
conditions of our experimental setup, 200 interference signals were measured for each position of
the OCT probe. Before applying the root-MUSIC algorithm, we first determined the phases of
the principal interference components generated by waves reflected from the interfaces between
the outer cladding of the optical fiber and the surrounding air. Next, we calculated the standard
deviation of the position of the test fiber relative to the position of the OCT probe. In all cases, this
deviation ranged from 1 to 2 nm, which is close to the OPD resolution ¢, =~ 1.2 nm given above.
This ratio indicated the absence of parasitic mechanical vibrations in the experimental setup.

The next step was to average the interference signals to improve the SNR value. All the results
below were obtained with the signal subspace dimension in the root-MUSIC algorithm equal
to 50. Excessive signal subspace dimension was chosen to achieve high resolution. Furthermore,
because the object considered had a predictable structure, it was easy to identify any false signal
components that the root-MUSIC method might yield.

A multimode fiber, with its high refractive index contrast and large core diameter, is the sim-
plest structure to visualize in terms of OCT system requirements. Part of the B-scan of a mul-
timode fiber with unremoved polymer coating is shown in Fig. 4,a. The image was obtained by
applying FFT to interference signals; the backscattered signal intensity is represented by a color
map. The interference signals processed by the root-MUSIC algorithm are represented by circles
superimposed on an intensity map. Notice the large number of circles in the figure.

All spectral interferometry methods, including OCT, determine the OPD of interfering waves.
Since the refractive index of quartz n,, ~ 1.46 differs from the refractive index of air n,, ~ 1.00,
and it was important to determine tﬂe geometric parameters of the internal structure of quartz
optical fibers in this work, the numerical values along the vertical axis were recalculated from the
OPD by dividing by n,,, = 1.46. Faint reflections at depths of about 320 and 800 pm correspond
to the outer interfaces of the polymer coating, stronger reflections at depths of about 480 and
600 um correspond to the interface between the fiber cladding and the polymer coating.

Analyzing the images in Fig. 4,a, we find that the fiber boundaries are clearly visible through
the polymer coating, but the fiber core cannot be accurately identified due to strong backscat-
tering of light inside the coating. Interference signals with A-scan numbers from 1800 to 1900
were averaged, leading to suppression of this backscattering due to its random nature. The A-scan
obtained by this technique is shown in Fig. 5,a. Evidently, averaging suppresses the backscattering,

a) b)

Magnitude, dBm Magnitude, dBm

>

1700 1750 1800 1850 2650 2700 2750 2800 2850
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Fig. 4. Comparison of B-scans of multimode fiber with polymer coating (a)
and single-mode fiber without coating (b):
calculated by FFT (intensity color maps) and the root-MUSIC algorithm
with the signal subspace dimension of 50 (circles)
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Fig. 5. Comparison of A-scans of multimode fiber with polymer
coating (a) and single-mode fiber without coating (b):
obtained for interference signals (IS) 7800 (a) and 2730 (b) (blue curves); for averaged IS
with numbers from /800 to 1900 (a) and with numbers from 2730 to 2830 (b) (red curves),
as well as averaged IS processed by the root-MUSIC algorithm with signal subspace dimension
equal to 50 (a,b) (vertical yellow lines)

making it possible to successfully identify the interfaces between the fiber core and the cladding
using the root-MUSIC algorithm. Our estimate of the core diameter, which was 49.9 um (based
on the results of processing by the root-MUSIC algorithm), virtually coincides with its true value
of 50.0 pm.

Similar measurements were performed for single-mode fiber. Fig. 4,6 shows a fragment of
a B-scan for the cross-section of standard single-mode SMF-28 fiber.

The same as for signals from multimode fiber, the image was obtained by applying FFT to
interference signals, while the results of interference signal processing by the root-MUSIC algo-
rithm are marked by circles. Reflections at depths of about 50 and 175 pm correspond to the
surface of the fiber, reflections at a depth of about 130 um correspond to the core/cladding inter-
faces. Analyzing the images in Fig. 4,b, we can also see that these interfaces cannot be resolved
by classical FFT-based calculation of 4A-scans. To improve the SNR of the processed interference
signal, we averaged the signals numbered from 2730 to 2830 next, the interference signal with
improved SNR was processed by the root-MUSIC algorithm. The corresponding A-scans are
compared in Fig. 5,b, showing the initial and averaged A-scans and the result of processing the
latter by the root-MUSIC algorithm.

It should also be noted that the experimentally measured additive noise in the interference
signals was 0.8 nW in the case of a single reflection from the OCT probe. When the light backscat-
tered from the tested single-mode fiber was detected by the OCT probe, the level of additive noise
reached 1.3 nW, which is very close to the analytical estimate of 1.5 nW. This slight discrepancy
is most likely due to divergence of the light beam and, consequently, the lower proportion of laser
intensity noise in the additive noise of the interference signal.

After averaging 100 interference signals, the total noise decreased from 1.30 to 0.15 nW.
This indicates an almost complete lack of correlation between noise realizations, proving
that averaging more signals can further improve the resolution, albeit at the cost of reduced
measurement speed.

The amplitude of the interference components corresponding to the light waves reflected from
the core/cladding interface of the single-mode fiber turned out to be close to 15 nW, providing an
SNR value of about 17 dB, which was much higher than expected. An almost 10-fold improve-
ment in the SNR value was required to resolve the two interference components, differing in
OPD by 8 pm (which corresponds to 11.7 pm in air). This means that further research is neces-
sary on the influence of the SNR value, parasitic modulation of interference components and the
proximity of their location on the performance of the root-MUSIC algorithm (however, this is
beyond the scope of this paper).
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It should also be noted that the excessive signal subspace dimension used in the root-MUSIC
algorithm made it possible to detect some spurious components caused by noise and imperfections
in the experimental setup. For example, duplication of interference components at the fiber inter-
faces was caused by the circular shape of the optical fiber cross-section. Consequently, instead
of a unique OPD between interfering waves, a variety of possible light paths that the reflected
waves could travel existed, leading to a range of OPDs between the reflected and reference waves.
This parasitic effect can be eliminated by optimizing the characteristics of the fiber OCT sensor,
including focusing the output light beam. The overall performance of the OCT method may be
improved by optimizing the parameters of the focusing lens for each individual measurement goal.

Conclusion

The paper proposes a new approach to nondestructive testing of the internal structure of opti-
cal fiber, which may be in high demand in the manufacturing of fiber-optic sensors, fiber-optic
input/output couplers, as well as other components of fiber and integrated photonics.

We experimentally illustrated the approaches to visualizing the cores of both single-mode and
multimode fibers coated with polymer layer thicker than 0.1 mm using optical coherence tomog-
raphy and the root-MUSIC algorithm for acquiring A-scans.

An important feature of the proposed method is that it relies on relatively standard telecom-
munication optoelectronic components in the optical coherence tomography system.

The theoretical and numerical estimations were carried out to determine and formulate the
requirements for ensuring super-resolution by the root-MUSIC algorithm. Furthermore, this
algorithm for processing interference signals of optical coherence tomography can to automate
the segmentation of the obtained images, simplify their interpretation, and, most importantly,
improve spatial resolution.

The proposed approach is intended for visualizing the splices of single-mode and multimode
fibers in the manufacturing of fiber-optic sensors based on intermodal interferometers. The prob-
lem is that interference signals from such sensors often differ from those predicted theoretically.
The most promising method for solving the problem is to optimize the splicing mode of two dif-
ferent fibers, which can be achieved by obtaining quantitative information about the distribution
of the refractive index of these fibers at the splices.
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