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Abstract: With the growing demand for data traffic, new types of optical fiber have been
proposed to address the capacity crisis of existing single-mode fiber infrastructure. Space-
division multiplexed (SDM) systems promise to exploit multiple spatial channels for parallel
data transmission. The aim of this study is to provide a systematic approach to experimentally
investigate the fluctuations of random coupling in the temporal domain of coupled multi-core
fibers (MCFs). Understanding these temporal dynamics is crucial to setting requirements for
digital signal processing and to developing robust signal recovery algorithms. This is also the
first step towards dynamic channel models of these fibers. One of the key requirements for
untangling the signals after transmission is accurate knowledge of channel behavior in both the
time and frequency domains. We present a statistical and experimental analysis of the temporal
dynamics of random coupling in strongly coupled MCFs. Based on a statistical time-drift model,
we have experimentally characterized the temporal response of coupled MCFs and their statistical
properties, such as the temporal autocorrelation function and the probability density function of
fractional optical power.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

With the advent of the internet era, online streaming, video on demand, and millions of
simultaneous telephone calls across continents have drastically increased global data consumption
[1]. As these vast amounts of data are transmitted through the existing single-mode optical fiber
infrastructure, the yearly explosion of data leads to a capacity crisis in conventional optical fiber
systems [2—4]. Space-division multiplexing (SDM) is a key technology to address the growing
demand for high-capacity optical communications [5—7]. Unlike conventional single-mode
single-core fibers, SDM utilizes multiple spatial channels, such as multiple cores or modes,
within a single optical fiber to transmit data simultaneously. This approach significantly increases
total transmission capacity without requiring a proportional increase in bandwidth [8].

The concept of SDM fibers was introduced as early as 1979 by Inao [9]. However, active
research on SDM fibers in recent years has shown the promise of strongly coupled MCFs over
other types of optical fibers, such as uncoupled MCFs and weakly coupled MCFs, in many
aspects. Multi-core fiber can be divided into two categories based on the nature of coupling
between the cores: (1) weakly coupled-core fibers and (2) strongly or randomly coupled-core
fibers. In weakly coupled MCFs, the core pitch is large, which results in weak mode coupling
between the cores. Whereas strongly (randomly) coupled fibers have some advantages, such
as high spatial channel density and low (sublinear) accumulation of differential group delay
spread with distance [10]. The presence of strong mode coupling in strongly coupled MCFs
gives rise to favorable optical properties, such as the suppression of nonlinear impairments
and the reduced accumulation of modal dispersion with distance [11]. However, these fibers
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introduce random mode mixing, which needs to be untangled at the output using multiple-input
multiple-output (MIMO) digital signal processing (DSP) [12,13]. The complexity of the MIMO
DSP depends on the magnitude of the differential group delay (DGD) spread [14]. However,
in such fibers, the random coupling between the cores also introduces inter-core crosstalk and
temporal fluctuations in the power distribution. Understanding this dynamic is essential for
optimizing fiber and DSP design, improving transmission performance, and mitigating capacity
limitations in next-generation optical networks.

The frequency dependence of group delay spreads (GDs) has been studied by Cappelletti et
al. [15,16] for field-deployed strongly coupled-core fiber links, where it was shown using the
statistical method that random coupling can significantly affect the DGD, an important parameter
for optimizing MIMO DSP. A dynamic (time-varying) model of coupling in the same type of
fiber was developed by Deriushkina et al. [17] who analyzed both the frequency and time-domain
behavior of the DGD and the impulse responses. The authors analytically derived expressions for
the frequency and time-domain autocorrelation functions of the fiber.

The analysis of crosstalk in multi-core fibers using statistical and analytical methods has been
studied by Ng et al., [18]. They showed that crosstalk in weakly coupled multi-core fibers follows
a y? distribution with four degrees of freedom due to random perturbations such as bends,
twists, and core diameter variations, which modulate coupling coefficients and phase mismatch.
Using coupled mode theory, a closed-form expression for the average crosstalk and its statistical
distribution were derived, which helps to estimate the effects of crosstalk on systems. The key
factors are core pitch, core geometry, fiber bends and twists, and the correlation length over which
perturbations are correlated, all of which govern the statistical behavior of inter-core coupling.
In [19], Koshiba et al. presented an analytical expression for the average inter-core crosstalk in
weakly coupled seven-core fibers. The study revealed that the average power coupling coefficient
(PCC) depends on the bending radius, correlation length, and differences in core propagation
constants. For large bending radii and correlation lengths, the PCC scales inversely with the
correlation length and with the square of the propagation constant difference; for small bending
radii and large correlation lengths, the PCC scales with the bending radius and is independent
of the correlation length; and for small correlation lengths, the PCC scales with the correlation
length and is independent of the bending radius.

While many of these studies are theoretical and based on numerical modeling, mainly focusing
on the frequency dependence of the transfer matrix to study group delays and the intensity impulse
response of the optical fiber. Others studied the characterization of crosstalk and the effects of
bending and twisting on inter-core crosstalk in weakly coupled MCFs, but very few studies have
been reported on experimental investigations of time dynamics of coupling in strongly coupled
MCFs. There is limited literature that has experimentally studied the temporal dynamics of
optical power fluctuations in strongly coupled MCFs, which arise mainly from environmental
perturbations such as acoustic vibrations and surrounding temperature variations. The analysis
of the temporal fluctuations of optical power is important for understanding channel properties
relevant to data transmission.

In this paper, we experimentally characterize the temporal dynamics of random coupling and
use statistical analysis to study the important characteristics of temporal power fluctuations in
strongly coupled MCFs. The study of the temporal autocorrelation function and the probability
density functions of coupled optical power can give insights into the fundamental behavior of
these fibers. The aim of this study is to understand the coupling dynamics in strongly coupled
MCFs, which will help to design better channel models and potentially improved SDM systems
with appropriate transmission properties.

The article is organized as follows. In Section 2, we describe the mode coupling in an ideal
coupled MCF using the supermode picture. The nature and origin of random mode coupling and
its effects on power transfer in coupled MCF are discussed. We also present the time dynamics
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model for random coupling. Throughout this paper, we use coupled MCF to emphasize strongly
(randomly) coupled multi-core fiber. In Section 3, we explain the experimental procedure and
the properties of the coupled MCF used in the experiment. Section 4 discusses the results for
the temporal dynamics of random coupling in a coupled MCF and the statistical properties of
random coupling, such as the probability density function for temporal fluctuations and the
autocorrelation function. Finally, Section 5 presents the conclusion.

2. Theoretical background

In this section, we start with the supermode picture of mode coupling in ideal coupled MCFs.
Following this discussion, we discuss the nature of random mode coupling, its origin, and the
coupling dynamics in strongly coupled MCFs. The last part of this section presents a temporal
dynamics model based on the transfer-matrix method.

2.1.  Mode coupling in ideal coupled multi-core fibers

The power coupling in coupled MCFs can be described through supermode analysis. The modal
structure of a coupled waveguide system can be represented in terms of supermodes, which are
linear combinations of the local modes supported by the individual cores. These supermodes
describe the collective field distribution of the entire coupled structure and propagate with
well-defined propagation constants [20-22]. In an ideal coupled waveguide, these supermodes
correspond exactly to the eigenmodes of the system and are therefore mutually orthogonal and
propagate independently without power exchange. As an example, consider a systematically
coupled MCF comprising two identical cores. When optical power is launched into the local
mode of a single core, the power exhibits a periodic, sinusoidal transfer between the two cores as
a consequence of deterministic inter-core coupling. In the supermode representation, however,
this excitation is equivalently described as the simultaneous excitation of the two eigenmodes,
namely the even and odd supermodes. These eigenmodes propagate independently with distinct
propagation constants, and the observed oscillatory power exchange between the cores arises from
the coherent beating between them, rather than from coupling between the eigenmodes themselves.
Phase matching is related to the difference in propagation constants between supermodes AS,
and the coupling period is given by 1/AS. Phase matching means that this difference is made
small. When the supermodes are phase matched, the power transfers efficiently between the
cores, and when the propagation constants are far from each other (mismatched), less power is
coupled between the cores. For an N-core fiber, the number of supermodes is N.

Mathematically, the propagation of optical fields in a three coupled-core fiber (3CCF) can
be described using coupled-mode theory. Let the electric field amplitudes in the equally and
symmetrically spaced three coupled-cores be represented by the vector

A(z) = (A1(2), A2(2), A3(2)" . (1

Where A; denote the complex amplitude of the wave in the core k. The coupled-mode equations

can be written as [23]

d—A = iMA, 2)
dz

For the scalar model with three coupled-cores [24], the 3 X 3 coupling matrix M, which
captures all mode mixing and coupling dynamics of the coupled MCEF, is given by

Bo C C
M=|C By C| 3)
c C pBo
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where [y is the propagation constant of an isolated core and C is the coupling coefficient between
the cores. The supermodes of the three coupled-core fiber are obtained by solving the eigenvalue
problem

M-p8D)v=0, @)

The resulting eigenvalues and eigenvectors corresponding to the supermode propagation
constants are given by

Bi = Po+2C, vy = %(1, 1,1)
1
= - C’ = — 1,_1,0
B2 = PBo \p) \/E( ) 5)
1
B3 =po—C, vz =—(1,1,-2).

V6

These eigenvalues correspond to one symmetric supermode and two degenerate antisymmetric
supermodes. The eigenstates for the 3CCF can be visualized as shown in Fig. 1.

Symmetric supermode Anti-symmetric supermode Anti-symmetric supermode

B = fo +2C Bo=p—C B3 =0 —C

Fig. 1. Schematic representation of the supermodes of a three coupled-core fiber. The
symmetric supermode with equal in-phase amplitudes in all cores (left), and two degenerate
antisymmetric supermodes with distinct phase and amplitude distributions. Circle size
indicates relative field amplitude, and color denotes relative phase.

2.2. Random mode coupling in coupled multi-core fibers

Unlike the ideal coupled MCF, a real multi-core fiber exhibits random coupling in both frequency
and time, which comes from both environmental perturbations and fabrication imperfections. The
environmental perturbations are due to surrounding temperature variations, acoustic vibrations,
bending and twisting of optical fibers, and mechanical stress and strain, which can be caused
by macro or micro-bendings. These intrinsic and environmental perturbations degrade the
performance of optical fibers and can lead to changes in the physical and optical properties
of optical fibers, such as refractive index, phase, state of polarization (SOP) [25] and signal
attenuation. The fabrication imperfections are mainly due to variations in core diameter, core
asymmetry, core eccentricity, variation in core pitch along the fiber length, and non-uniformity
of refractive index. Non-uniform stress during the drawing process of the fiber can also affect
the optical properties. These structural imperfections can also induce random birefringence and
cause polarization crosstalk.

Efficient power transfer occurs only when the cores are phase matched. The imperfections
present in these fibers can lead to inefficient coupling due to phase mismatch between the cores.
The random nature of these imperfections causes randomness of coupling in coupled-core optical
fibers, which in turn can lead to polarization mode dispersion, as well as differential group delay
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[26]. These imperfections also lead to the group-delay mismatch between the supermodes of the
coupled structures [27], which usually dominates the impulse response.

The optical fiber that we used in the experiment has strong coupling, which causes the power
to be approximately equally distributed among all three cores at the output of the fiber. The
frequency dependence of coupling coefficients arises from the intrinsic nature of the refractive
index, which is frequency dependent [24]. At higher frequencies, the mode area decreases,
which decreases the modal overlap integrals; as a result, the coupling decreases linearly with
frequency, as shown in [28] for weakly coupled MCF. The frequency dependence of the coupling
exhibits fluctuations on the order of GHz in some fiber installations as reported in [15]. The
time-dependent coupling is the result of environmental perturbations (e.g., thermal fluctuations,
mechanical and acoustic variations etc.). The coupling exhibits fluctuations in the order of
seconds.

2.3. Modeling the temporal dynamics of random coupling

The temporal dynamics of coupling is modeled by the time evolution of a unitary transfer matrix.
Most optical fibers have very little mode-dependent loss, which mathematically means that this
matrix is unitary. The time dynamics of the optical power can be modeled using a scalar model,
and the linear optical response of the coupled multi-core fiber is fully described by a frequency
and time-dependent transfer matrix as

Uou(w, 1) = T(w, Hug, T(w,t) € C>3. (6)

where
myp mpp m3

T(w,0) =|my mypn my|- )
m3;  mz M3

Each matrix element m;j(w, t) is a complex number which describes the field transfer from
input core j to output core i. The magnitudes of the matrix elements describe propagation loss as
well as inter-core coupling effects, while the phases account for the accumulated propagation
phase arising from both coupling and environmental factors. The diagonal elements m;; represent
field transmission within the same core, whereas the off-diagonal elements m;; (i # j) quantify
inter-core coupling effects.

The frequency-dependent static random coupling model is discussed in [24,27]. The reader is
referred to these references for further details. The propagation of the optical field in a coupled
MCEF can be modeled by a concatenation rule from the polarization mode dispersion (PMD)
formalism. Each segment of length L, of an ideal coupled MCF is described by a delay matrix
T,. Since the coupling coefficients and birefringence depend on frequency, the coupling matrix
becomes frequency dependent [24], and consequently so does the delay matrix T (w).

The explicit time dependence of the transfer matrix 7(w, t) arises from random perturbations
along the optical fiber, as discussed above. These perturbations induce temporal variations in the
effective propagation constants and coupling coefficients. As a result, even under stationary input
excitation, the output fields evolve in time due to the change of both the amplitudes and phases
of the transfer matrix elements. Under the assumption of strong mode mixing and statistical
isotropy, the real and imaginary parts of the matrix elements can be assumed to be approximately
Gaussian random variables with zero mean.

The random coupling in a coupled MCF can be described using a concatenation model, as
shown in Fig. 2. In this approach, the fiber is divided into multiple short segments. Between
successive segments, random and time-varying unitary coupling matrices U,, are introduced
to model environmental perturbations such as temperature fluctuations and mechanical stress.
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Random perturbations in the coupled MCF are introduced through statistically independent
unitary perturbations to describe the temporal evolution. These unitary transfer matrices vary
with time, and the instantaneous matrix is given by

U(tir1) = AU; - U(1;). (8

The time is discretized into small time steps of 67 which is the time period between U(z;) and
U(t;;+1) and each incremental matrix AU; models weak environmental fluctuations over one time
step and is given by

AU; = exp(jyH;), ©))

where the parameter y < 1 determines the strength of fluctuations and thereby controls the
temporal correlation between consecutive matrices U(#;) and U(#;41). A larger vy leads to stronger
fluctuations. A random Hermitian matrix H; = HZT is chosen from the Gaussian unitary ensemble
[17]. The matrices H; are assumed to be independent and identically distributed with expectation
values

(H) =0, (H})=DL (10)

where D is the dimension of the fiber which ensures a statistically isotropic process on the unitary
group. After N time steps, the transfer matrix can be expressed as

N-1

Ulty) = | | exp(GyHO) U(0), (11)

k=0

which shows that the temporal fluctuations results from the cumulative effects of many weak,
independent perturbations. Instead of using a single unitary random matrix U, for each fiber
segment, a set of matrices U,(f) is introduced at each concatenation step 7 to obtain the total
transfer matrix as done in [17]. The temporal autocorrelation function is discussed in Section 4.3
based on the model presented here.

Ly
Ty(w) Ur(ti) Ta(w) Us(t:) Tu(w) Un(ti)
——t—t—F1T
U(ty) U(ty) Ults) Ulth1)

Fig. 2. Time-drift dynamic model for random coupling using a concatenated fiber represen-
tation.

3. Experimental description

In this section, we describe the experimental setup used to measure the time fluctuations of
random coupling in optical power. The measurements are carried out for the temporal optical
power fluctuations with the setup described below. The optical time-domain reflectometer
(OTDR) measurements are performed separately for each core using an OTDR device.
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3.1.  Experimental setup

The experimental setup shown in Fig. 3 consists of a tunable laser source (Santec TSL-570). The
input state of polarization is aligned using a polarization controller (PC) before launching into
one of the cores of the coupled MCF. The output of the coupled MCF is measured simultaneously
for all cores using New Focus Model 1811 low-noise photoreceivers, which have a bandwidth of
125 MHz and a transimpedance of 40 V/mA. The detected optical signals are recorded using a
Tektronix DSA 71604 oscilloscope (OSC) with a temporal resolution of 10 ms. The temporal
drift of optical power is recorded under a launch condition with single-mode excitation in each
core by launching power into one core at a time for each measurement. Tabletop measurements
are performed on a spooled three coupled-core fiber in a general laboratory environment. The
optical setup is taped down for mechanical stability. We repeated the measurements over three
different days, with a total measurement time of 150 minutes, to obtain reliable statistical data for
analyzing the temporal dynamics of the coupling. The back-to-back experimental setup with the
laser source and detector has an SNR of about 34 dB, and the optical setup is mainly limited by
thermal noise. The laser source is quite stable, with a RIN of about —145 dB/Hz. The loss profile
of each core in the coupled MCF is measured using the OTDR technique, as shown in Fig. 4. The
OTDR traces for all three cores have nearly identical slopes, which indicate the same attenuation
in each core. The observed vertical offset, as shown in Fig. 4 inset, is mainly attributed to splice
loss and insertion loss of the fan-in/fan-out device, which are not identical for all three cores.

Laser 0SsC

Fig. 3. Schematic of the experimental setup for measuring temporal fluctuation of optical
power over time. The inset shows the cross section of the 3CCF.

| — Core1 — Core2 — Core 3 |
5 —
3 30 20
o
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m 0
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Fig. 4. The OTDR traces for all three cores are shown. The inset shows a zoomed-in view
of the separation between the traces for the individual cores.
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The coupled MCF used in this paper has a total length of 59.3km. The fiber is a three
coupled-core fiber with equidistant cores that lie on an equilateral triangle. The distance from
the center to each of the cores is 17 um, which results in a core pitch of 29.4 um. The cladding
diameter is 125 um, as in a standard SMF fiber. The core diameter is 12.4 um, and the refractive
index difference is 0.27%. When light is launched at 1550 nm into one of the cores and the output
is measured from all the cores, the attenuation of the light is 0.181 dB/km. The difference from
the total loss can be attributed to connector and splice losses, as well as the insertion loss of the
Fan-In/Fan-Out device. The fiber is designed with a cutoff wavelength around 1340-1360 nm for
a single core. The chromatic dispersion and dispersion slope of the fiber at 1550 nm correspond
to 21 ps/(nm - km) and 0.06 ps/(nm? - km), respectively. This fiber was also used in various
transmission experiments performed in [14,29].

4. Statistical properties of random coupling in temporal domain

In this section, we present experimental results on the temporal fluctuations of random coupling
in coupled MCF. The key statistical properties of the coupled power, such as statistical moments,
temporal autocorrelation, and statistical distribution functions, are described below.

Consider a symmetric three coupled-core fiber, where each core supports two orthogonal
polarization modes. The optical field in the system can be described by the complex amplitudes
of the transfer matrix elements, m;;. If only one core is excited, the input field is wi, = uo(1,0, 07T,
and the corresponding output field is given by

myi(w, 1)
uout(‘U, t) = T((U’ t) Wip = U mzl(w, t) . (12)
m31(w, 1)
The total output power is defined as the squared Euclidean norm of the output field vector,
Puo(t) = [tou(@. DI = Ul (@, Nbgui(@, 7). (13)

Substituting the above expression gives the total optical power,

mig 5
— 2 * % * _ 2 2 _ 2
Po®) = Lo (mi, m3, s, ) [ | = o Y b (@, 0% = o] (14)
i=1
m3
which is conserved (independent of time and frequency). In general, the total output power can

also be written as
Po(?) = w T (0, )T(w, Dy, = u] wiy (15)

thanks to the unitary nature of T. The optical power at the output of core i is given by

2

3
Pir) = | > my(w, )| (16)
j=1

where 1" denotes the input optical field. The temporal fluctuations of the matrix elements directly
translate into measurable power fluctuations through interference among multiple coupling paths.
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4.1. Barycentric coordinate representation

By introducing the normalized power fractions p; = P;(¢)/ P, the constraint p; + po + p3 = 1 is
satisfied, and the state of the system is fully specified by the triplet (p;, p2, p3). The instantaneous
power between the three cores mixes in a random fashion, but the powers in all three cores remain
correlated, since only a fraction of the total power is coupled into each core. The fractional
powers (p1, p2,p3) can be represented by barycentric coordinates within a two dimensional
simplex (triangle), which provides a convenient geometric representation of the power sharing
among the three cores [30]. This geometric representation provides an intuitive visualization
of the stochastic power distribution among the cores as shown in Fig. 5(b). Lines parallel to a
side of the triangle correspond to a constant fractional power, p; = constant, while a line passing
through a vertex represents the relative power ratio between the cores. The triplet (p1, p2, p3) can
be mapped to a two-dimensional simplex using

1 V3
x=p2+5p3, Y= P a7
2 2
Here, x and y are the Cartesian coordinates of the point in the triangle, with x representing
the contributions of cores 2 and 3, and y representing the contribution of core 3. The fractional
power in core 1, p; = 1 — pp — p3, is implicit, as its vertex is at the origin.

-10

3

s}

S

o

3

[S)

o
-30 — Corel — Core 3 |
35 — Core 2 — Total Power

0 2 4 6 8 10
Time [min]

(a) (b)

Fig. 5. Figure showing (a) the measured temporal fluctuations of instantaneous coupled
optical power in a strongly coupled MCF (b) and its 2D simplex representation. The center
lobe shows that the power is equally distributed among the cores.

The vertices correspond to complete power localization in a single core, the edges represent
power exchange between two cores, and the interior points indicate simultaneous power distribution
among three cores. The simplex representation shows that the probability density is maximal near
the center of the triangle, corresponding to near-equipartition of power, and decreases toward the
corners, reflecting a reduced likelihood of strong power localization. To determine the fractional
powers from the simplex plot, one can use the perpendicular distance from the point of interest
to each of the three sides of the triangle. The distances, or their ratios relative to the triangle
height, directly give the values of p1, p», and p3. Figure 5(b) shows the two dimensional simplex
representation of the fractional coupled power. The probability density is concentrated near the
center, indicating a high likelihood that the optical power is distributed nearly equally among all
three cores. The displacement from the center toward a side or vertex of the triangle reflects
skewness toward the dominance of one core over the others. The instantaneous optical power
mixing among the cores over time is shown in Fig. 5(a). The optical power for each core, as well
as the total power, is unnormalized and corresponds to the actual recorded power over time. For
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an input optical power of 1 mW launched into one core, the mean optical power is about 0.01 mW
with a standard deviation of about 0.00504 mW per core. Although the optical power in each core
fluctuates in time due to random inter-core coupling, the total instantaneous power remains nearly
constant, as seen in Fig. 5(a). The optical power is redistributed among the cores as a result of
strong inter-core coupling. Fluctuations in the total optical power arises from unequal losses in
the fan-in and fan-out (FIFO) couplers and splices with the FIFO. Other possible reasons include
slightly different attenuation coefficients of the three cores (as evident from the OTDR traces
shown in Fig. 4), leakage from the cores to the cladding or radiation modes, mode-dependent loss,
and measurement noise of the detector. These fluctuations are small compared to the individual
core fluctuations and can be considered approximately constant over time.

4.2. Probability density function of optical power fluctuations

The random perturbation in coupled-core fiber can be introduced by a random unitary matrix in
the transfer matrix for the coupled modes between the successive concatenations as explained in
Section 2. Such a unitary matrix is statistically described by the Haar distribution [31], which
ensures power conservation and statistically isotropic mode mixing. Due to power conservation,
the squared magnitudes of the matrix elements in each row of the transfer matrix form a
normalized set of non-negative random variables whose sum equals unity. Such vectors lie on a
simplex and can be modeled by the multivariate Dirichlet distribution [32]. The fractional power
at the output of a single core corresponds to the marginal distribution of one component of this
Dirichlet distribution, which yields a Beta distribution. The fraction of optical power in each
core, when normalized by the total power, follows a Beta distribution. The Beta distribution
derived from the 3-variate Dirichlet distribution is given as [33]

1

B@) N1 =pPel, 0<p<l, @>0 (18)

P(p;a) =
The normalization constant B(«) guarantees that the total probability integrates to one. It is
given by
B(a) = INa)T'Ra)
I'Ga)
Where I denotes the gamma function, and « is the only free parameter that controls the spread
and uniformity of the distribution. Physically, it is related to the variance (spread) of normalized
power. To illustrate the effect of @, we consider two cases with @ = 2 and @ = 6, as shown in
Fig. 6(a) and (b). This allows us to compare the distribution of normalized power across the three
components for different values of @. As shown in Fig. 6(a), the distribution is more uniform
and the lobe is spread out from the center, whereas in Fig. 6(b) it becomes more concentrated
towards the center. @ = 1 corresponds to a uniform distribution, while higher values of « lead to
more peaked distributions. In this sense, @ controls the statistical distribution of power among
modes, as well as the strength of fluctuations in the normalized modal power distribution. In our
case, the analytical fit to measurements gives @ = 3.05 as shown in Fig. 7(a). The mean and
variance of the Beta distribution are given by [34]

19)

Var[p] = _2 (20)

1
Elpl =3 T 9Ba+ 1)

3
Based on the values of « obtained from the analytical fit, the mean and variance are 0.33
and 0.022, respectively. For symmetric cores with identical statistical properties, the power is
expected to be equally distributed among the three cores, corresponding to a mean power of 0.33
per core, which indeed agrees with the measured value.
The Beta distribution arises from the higher probability of low-power states, resulting from
the cumulative effects of random phase drifts and inter-core coupling in concatenated fiber
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Fig. 6. Illustrative examples of the Dirichlet distribution for the normalized power in the
symmetric case with (a) @ = 2 and (b) a = 6.
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(a) (b)

Fig. 7. Figure showing (a) the probability density function (PDF) of the measured optical
power fluctuations, which is well fitted by the beta distribution (red), and (b) the corresponding
temporal autocorrelation function.

segments. Phase variations predominantly induce partial destructive interference, reducing
power in a given mode, while weak or asymmetric coupling allows only partial energy transfer,
which further favor the lower power levels. As light propagates through multiple segments,
these effects accumulate, producing a distribution in which low-power states are more frequent.
Figure 7(a) shows the measured PDF of normalized powers averaged across all cores along with
the theoretical distribution.

4.3. Autocorrelation function

Based on the model described in section 2.3, the temporal autocorrelation function (ACF) of the
channel is defined as

1 .
Ry = 5 Tr (U'(¢)U(1)) , (1)

Here, D is the dimension of the transfer matrix, and the analytical expression for the ACF can
be given by

t—t
Ry = exp(_l I) . (22)

Tcorr

For the analysis of the ACF, we averaged the ACF of each core across data sets collected on
different measurement days. The temporal autocorrelation function is shown in Fig. 7(b). The
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correlation width is defined as the separation 7., at which the normalized autocorrelation falls to
1/e of its peak value. The width of the autocorrelation is about 17 s. It provides a characteristic
time scale on which the signal remains correlated with itself [35]. The ACF decays exponentially
with the characteristic correlation time 7.or. The origin of these fluctuations is mainly due to
environmental perturbations, as discussed in Section 2.2. The correlation time physically captures
the typical time over which external perturbations, such as temperature variations, mechanical
vibrations, or other environmental drifts, cause the system to decorrelate. In other words, a small
Teorr COrresponds to rapid decorrelation due to fast environmental fluctuations, whereas a large
Teorr indicates slow decorrelation, with the system remaining correlated for longer times.

5. Conclusions

In this work, we have presented a theoretical and experimental study of the temporal dynamics of
random coupling in spooled strongly coupled multi-core fibers under laboratory environments.
By analyzing the statistical characteristics of coupled MCF, we have shown that the statistical
distributions of the fractional optical power per core follow a beta distribution. Using a
time-drift model, we analyzed the temporal response of the random coupling and investigated
its autocorrelation and probability density function in the linear propagation regime. The
results provide important insights into the time-varying nature of random coupling in coupled
MCFs. This study is based on measurements from a spooled three coupled-core fiber under
laboratory conditions, which may differ from the statistics observed in field-deployed MCFs
due to environmental perturbations affecting the fibers differently. Understanding the temporal
dynamics is crucial to assess their impact on MIMO DSP and to develop robust signal recovery
algorithms. Furthermore, the analysis presented here can provide useful insights for the design,
optimization, and performance evaluation of space-division multiplexing transmission systems
and sensing devices based on coupled MCFs.
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