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Abstract. Selective transmission of a prescribed orbital angular momentum (OAM)-compatible guided family in a
ring-core fiber is complicated by neighboring vector modes with comparable propagation characteristics. We
consider a finite, longitudinally uniform multilayer ring-core segment in which the radial refractive-index profile
controls phase accumulation and subsequent recombination of guided modal components. The structure is described
using a full-vector cylindrical Maxwell model combined with interface mode matching and an open-guided treatment
of radiative components. For the optimized five-layer segment at A=1550 nm, the selected HE21-based OAM-com-
patible guided family reaches a same-mode guided output transmission of Tt~0.83, whereas the largest transmission
among the competing HE11, TEo1, and TMo1 modes is Tworst = 0.01. This corresponds to a modal extinction ratio (MER)
of 19.28 dB. The calculated waveguide/modal selectivity interval is approximately 1548.254-1554.432 nm under
fixed refractive indices, while fabrication-induced detuning can be partly compensated by adjusting the segment
length. These results demonstrate that a finite-length radially multilayered ring-core fiber section can provide
interference-based selective transmission of a prescribed guided modal family.
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1. Introduction
Orbital angular momentum (OAM) states of light have attracted considerable attention as an

additional degree of freedom for transmitting and processing optical information. In optical
fibers, these states are associated with guided vector modes that exhibit an annular field
distribution and an azimuthally varying phase. More generally, characterizing spatially
complex optical fields requires access not only to their intensity distribution but also to their
phase structure; correlation-based approaches have been demonstrated to reconstruct
complex scalar optical fields and identify phase singularities [1]. Ring-core fibers are
particularly suitable for supporting vortex-compatible guided states because their annular
guiding region is naturally matched to the transverse structure of these optical fields [2-4].
Experimental studies have demonstrated OAM-based mode-division multiplexing in
specially designed fibers, and subsequent work has shown that ring-core fibers can support
multiple OAM mode groups over propagation distances relevant to optical communication
systems [3,5]. These results established the practical possibility of transmitting vortex-
compatible states in fibers, but they also highlighted an important problem: increasing the
number of supported spatial states simultaneously increases the requirements for
controlling the modal spectrum and suppressing unwanted mode coupling. Bozinovic et al.
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provided an early experimental demonstration of OAM mode-division multiplexing in fiber,
and Brunet et al. subsequently developed a family of ring-core fibers specifically for 0AM
transmission studies [3,4].

The properties of 0AM-compatible states in a fiber are determined not only by the presence
of an annular guiding region but also by the radial refractive-index profile. Changes in ring
geometry and n(r) modify the effective refractive indices, cutoff conditions, radial localization,
and separation between the vector eigenmodes. This provides a direct means to engineer the
supported modal spectrum. For example, graded-index ring-core fibers have been designed to
support only the first radial order across several mode groups, thereby reducing the number of
unwanted radial states [6]. Large differences in effective refractive index between mode groups
have also been used to reduce inter-group coupling in long-distance OAM transmission [5]. More
recently, the radial profile itself has been treated as an additional design degree of freedom. A
two-layer ring-core structure was shown to increase the separation between vector eigenmodes
and weaken spin-orbit coupling [7], whereas a fabricated dual-step-index ring-core fiber
suppressed spin-orbit coupling and cut off higher-radial-order modes while supporting high-
order OAM states [8]. A parabolic graded-index profile has likewise been used to improve OAM-
mode purity by reducing mode mixing associated with abrupt refractive-index changes [9]. These
studies provide direct evidence that radial refractive-index engineering can be used not only to
guide OAM-compatible modes but also to control which modal families are supported and how
strongly they interact [6-9].

A related direction is based on multilayer, Bragg-type, and interferometric fiber structures.
Bai et al. demonstrated that periodic high/low-index radial structuring can strongly modify the
OAM-supporting modal spectrum of an annular waveguide, while more recent multilayer and
antiresonant ring-core designs have used several radial index regions to control confinement,
radial-order content, and modal loss [10,11]. These approaches primarily exploit the radial
refractive-index profile to determine which modes are supported, their confinement properties,
cutoff conditions, and effective-index separation.

Finite-length multimode interference has also been used for OAM generation and
manipulation in fiber. Zhou showed that multimode interference in a ring-core fiber can
transform an input field into multiple azimuthally distributed output images; after additional
phase correction by a fixed phase-shifter array, these images can be used for OAM generation or
detection [12]. More recently, Wu et al. demonstrated an in-fiber mode-selective interferometer
formed by two long-period fiber gratings separated by a finite distance. In that configuration, the
first grating selectively couples the fundamental mode to a prescribed higher-order mode; the
two modes accumulate a relative phase during propagation; and the second grating recombines
them, enabling wavelength-selective OAM conversion and switching [13].

The present work addresses a different interference architecture. No longitudinal grating,
discrete mode-selective coupler, external phase-shifter array, or active modulation is used.
Instead, a longitudinally uniform radially multilayered ring-core section is inserted between two
identical reference ring-core fibers. At the first longitudinal interface, a launched reference-fiber
mode decomposes into several symmetry-compatible guided vector eigenmodes of the
multilayer section. These modes acquire different phases according to their propagation
constants over the finite length L, and at the second interface they are coherently projected back
onto the guided modes of the reference fiber.
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Consequently, the radial refractive-index profile and the physical length serve distinct
but coupled functions. The radial profile determines the modal basis, excitation amplitudes,
and propagation constants, whereas the finite length controls their relative phase
accumulation. Modal discrimination is therefore not achieved solely by cutting off unwanted
modes or by maximizing the confinement of the target mode. A competing reference-fiber
mode may remain fully guided in the structure yet be weakly reconstructed at the output
because its internal modal contributions interfere destructively or only weakly coherently.
Conversely, the target mode is preferentially recovered when its dominant internal
contributions recombine constructively.

The specific contribution investigated here is the use of a finite, longitudinally uniform,
radially multilayered ring-core section as a passive guided-mode interferometric selector for
a prescribed OAM-compatible modal family. The design problem is formulated jointly in
terms of the radial multilayer geometry and the finite propagation length, and the resulting
selectivity is evaluated against the reference fiber's complete set of competing guided modes.

An additional consequence of this formulation is that higher-order radial eigenmodes of
the intermediate multilayer section are not necessarily parasitic. They can act as coherent
propagation components whose amplitudes and accumulated phases contribute to
reconstructing the prescribed output state. The design objective is therefore not simply to
eliminate higher-order modes, but to control their participation in the finite-length
interference process.

In this work, this principle is examined to select an HE,1-based OAM-compatible guided
family at a wavelength of 1550 nm. The analysis uses a full-vector Maxwell formulation for
cylindrically stratified dielectric media because the relevant HE, TE, and TM modes and their
separation cannot be reliably described within the scalar linearly polarized (LP) mode
approximation. The resulting eigenmodes are combined with interface mode matching to
calculate the propagation and recombination of the guided components through a finite
multilayer segment. The numerical procedure is validated against published ring-core-fiber
eigenvalues and by an independent finite-element check. The optimized structure is then
evaluated for transmission of the target HE»1-based family and the competing HE11, TEo1, and
TMo1 modes. Finally, the spectral response, segment-length sensitivity, and fabrication
perturbations are examined to establish both the achievable modal selectivity and the
limitations of the proposed interference-based filtering mechanism.

2. Physical principle and problem formulation
The physical system considered in this work consists of a conventional ring-core fiber, a

finite radially multilayered section, and the same ring-core fiber at the output. The input field
is therefore not an independently specified free-space beam but a known guided mode of the
reference fiber. At the first interface, this mode excites a set of vector eigenmodes of the
multilayer section. These components propagate with different propagation constants and
accumulate different phases over the finite length of the section. At the second interface, they
are projected back onto the guided modes of the reference fiber. The operating principle
considered below is based on controlling this decomposition, phase accumulation, and
subsequent modal recombination. The individual elements of this configuration and the
corresponding modal-selection mechanism are introduced separately below.
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2.1. Reference ring-core fiber and target guided family
The reference ring-core fiber (RCF) defines both the launched modes and the guided states
analyzed at the output. Its annular core is bounded by the inner and outer radii are,=1.09 pm
and bres= 3.11 um, with refractive indices nyng=1.474 and nciaa=1.444 [3]. The nominal
design wavelength is A=1550 nm. These parameters correspond to the Fiber 3 ring-core
configuration reported by Brunet et al. [4] and are used here as the reference RCF for both
the launched and output guided modes. The geometry and radial refractive-index profile of
the reference RCF are shown in Fig,. 1.
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/ z Neing = 1.474 Tlelad = 1.444
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(target, OAM-compatible)
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Fig. 1. Reference ring-core fiber used to define the launched and output guided modes. The high-index
annular core, Nring=1.474, extends from the inner radius ar,=1.09 pm, to the outer radius bref=3.11 pm
and is surrounded on both sides by cladding with ncqs=1.444. The corresponding radial refractive-
index profile and the guided modal families considered in the modal-selection analysis are also shown.

These parameters correspond to the reference RCF used throughout the modal analysis
and numerical validation. The final notation and dimensions are fixed in the Supplementary
Materials and are used consistently below.

The guided state selected as the target is the HE»1-based OAM-compatible family. In the

OAM notation used here, it corresponds to (\ 1 \,m) =(1,1), where I denotes the OAM-compa-

tible azimuthal phase label, and m is the radial order. The other guided modes considered as
competitors are HE11, TEo1, and TMo1 modes. These four input states therefore define the
modal-selection problem investigated in the present work.

Distinguishing between the azimuthal indices used in the vector eigenproblem and in
the OAM description is important. The symbol v is used below for the azimuthal order of the
full-vector cylindrical eigenproblem, whereas [ is reserved for the OAM-compatible phase
label. The two symbols should therefore not be treated as interchangeable. For the target
considered here, the HE,1 vector family is associated with the first-order OAM-compatible
state |/|=1. The adopted notation also reflects the symmetry of the physical structure:
because the refractive-index profile is axisymmetric and reciprocal, it does not distinguish
between the +] and -1 members of the corresponding OAM-compatible pair.
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The term OAM-compatible guided family is used deliberately. A ring-shaped intensity distri-
bution alone is insufficient to identify a vortex state. A vortex-compatible field must also exhibit the
corresponding azimuthal phase winding. In addition, the present calculations do not model the pro-
pagation or focusing of a free-space vortex beam onto the fiber end face. The launched fields are
eigenmodes of the reference RCF, and the problem addressed here is their transformation by a fini-
te guided-wave structure. This distinction is consistent with the full-vector description of ring-core
modes, in which annular localization and azimuthal phase structure are distinct physical properties.
2.2. Radially multilayered finite section
The mode-selective section is a passive, cylindrically symmetric and longitudinally uniform
waveguide segment. Its refractive-index distribution depends on the radial coordinate r but
is independent of the azimuthal coordinate and, inside the segment, of the longitudinal
coordinate. The radial structure consists of five concentric layers arrangedas H-L-H-L - H,
where H and L denote regions with high and low refractive indices, respectively.

The inner radius of the multilayer region is a=2.15um, and its total radial width is
W=4.00 um. The five layer thicknesses are (d1,d2,d3,d4,ds) =(0,672,0.528,1.600,0.528,0.672)um,

so that W = Zf: 1 d Iz The refractive indices are ny=1.520, n;=1.444. The low-index value is
also used for the surrounding cladding regions. The nominal physical length of the optimized
segment is L = 2.025mm Fig. 2 summarizes the transverse geometry, radial refractive-index
profile, layer thicknesses, and longitudinal arrangement of the finite multilayer section.

These parameters define the five-layer structure used in all nominal, spectral, and
fabrication-sensitivity calculations reported below. For convenience, the radial boundaries

may be written as ry=a, r]-=a+z;{:1dk, j=1,...,5. The corresponding piecewise-

(a) Transverse cross-section (b) Radial refractive-index profile n(r)
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Fig. 2. Geometry and refractive-index profile of the optimized five-layer ring-core fiber section. (a) Trans-
verse cross-section showing the inner radius of the multilayer region, a=2.15m, and its total radial width,
W=4.00m. (b) Radial refractive-index profile n(r) with the individual layer thicknesses di- ds, the layer
sequence H-L-H-L-H, and the boundaries at r=a and r=a+ W. The high- and low-index values are
ny=1.520 and n;=1.444, respectively. (c) Longitudinal arrangement of the finite multilayer section
(L=2.025 mm) between two reference ring-core fiber segments.
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constant radial profile n(r) therefore contains several annular regions in which the allowed
vector modes have different radial field distributions and effective refractive indices. The
segment is not tapered along z, and no active modulation is introduced. Consequently, once
the structure has been specified, its longitudinal action is determined by the propagation
constants of its eigenmodes and by the finite physical length L.

This distinction is central to the proposed concept. The multilayer profile is introduced
not only to change cutoff conditions or support a different number of modes. Its purpose is to
form an intermediate modal space in which an incident reference-fiber mode is represented
by several coherent guided components. The radial geometry determines the composition of
this representation, whereas the segment length determines how the relative phases of these
components evolve before they reach the second interface.

2.3. Interference mechanism of modal selection

Let q denote a guided mode launched from the reference RCF. At the first interface, its field is
expressed in the guided eigenmode basis of the multilayer section. If Fy(r,¢) is the field
distribution of the p-th guided mode of this section and agp is the corresponding excitation
coefficient, the field immediately after the interface can be written as

Seg Zaqp p (1)

After propagation through a segment of length L, each component acquires its own
longitudinal phase:

Seg r¢L Zaqp v r¢ exp(lﬂp ) (2)

where
By =koneg p, kKo=2m /2. (3)

The propagation constants 8, are generally different. The relative phase between any

two participating segment modes, p and s, therefore changes as
AD, (L)=(B, - B;)L. (4)

Egs. (2-4) express the principal physical mechanism considered in this work. The radial
profile determines which eigenmodes participate in the expansion and their propagation
constants, while L controls their relative phases at the output interface.

The field returning to a particular guided state of the reference RCF is determined by
the coherent superposition of these contributions. If f,, denotes the projection coefficient
from the p-th segment mode onto the output reference-fiber mode r, the complex amplitude
transferred from an input mode q to an output mode r can be written as

Zbrp ap eXp(iﬂpL)' (5)

The physical meaning of Eq. (5) and the corresponding mode-selection mechanism are
shown schematically in Fig. 3.

Fig. 3 summarizes the central physical idea of the present work. The multilayer section is
not merely a static radial filter, but a finite interference segment in which several excited guided
eigenmodes propagate with different phase constants and coherently recombine at the output
interface. The target state is selected when these pathways recombine predominantly in phase at
the output, whereas the competing states remain only weakly reconstructed.
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Physical operating principle
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Fig. 3. Interference-based physical operating principle of the finite multilayer modal selector. An input
guided mode q of the reference ring-core fiber excites a set of guided eigenmodes Fj of the multilayer section
with amplitudes agp. During propagation over the finite length L, these components accumulate different

phase factors exp(ipL), where S is the propagation constant of the p-th multilayer eigenmode. At the output
interface, the propagated components are projected back onto the guided modes of the reference fiber

through the coefficients byp. For the target HE21-based OAM-compatible family, the dominant contributions
recombine constructively, whereas for the competing guided modes, the reconstruction is much weaker.

For the corresponding input-output channel r=gq, we write A (L)=A4gq(L) and, for
power-normalized modes,

T, =1 A, (L)2. (6)

Here, T, denotes the guided output power obtained when the reference mode q is launched,

normalized to the launched power. This definition is the one adopted throughout the manuscript

and in the Supplementary Materials. In particular, T, = Thg, » whereas

T,

worst =max(THEn,TTEm,TTMm). The missing part of the launched power is not interpreted as

material absorption; the treatment of non-bound components and the open-guided
approximation is specified separately in the numerical model Eq.(5) also shows why the
structure's response cannot be understood from the properties of a single intermediate mode.
Each reference mode excites its own set of amplitudes dgp, and the corresponding contributions
generally have different magnitudes and phases. Therefore, the same multilayer section can
produce different interference conditions for HE>1, HE11, TEo1and TMo:.

For the target HE>1-based family, the design objective is to find a segment length where the
dominant contributions in Eq.(5) are approximately phase-aligned. Their coherent
recombination then returns a large fraction of the launched power to the target guided state. For
a competing mode, a different set of coefficients and propagation constants is involved. At the
same physical length, its contributions can be distributed over the complex plane so that their
coherent sum is substantially smaller. Thus, high target transmission and competitor suppression
can occur simultaneously even though the segment itself is passive and contains no absorbing or
actively switched element.

The role of higher radial modes in this mechanism is therefore different from their
usual interpretation as unwanted modal content. Inside the finite multilayer section, a
higher-order radial eigenmode can form one of several coherent pathways connecting the
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input and output reference states. Its presence is useful when its amplitude and accumulated
phase contribute constructively to the target reconstruction or destructively to the
reconstruction of a competing state. Consequently, the objective is not to eliminate all
intermediate higher-order modes. Instead, it aims to control the full set of participating
guided components, so their coherent evolution produces the required output selectivity.

The numerical analysis in the following sections determines whether this condition can
be realized for the HE>1-based target family and quantifies the resulting selectivity, spectral
response, and sensitivity to fabrication parameters.

3. Full-vector model and numerical procedure
The physical mechanism introduced in Section 2 requires determining the propagation

constants, field distributions, and interface overlaps of the guided modes with sufficient
accuracy to resolve their relative phase evolution. Since the target and competing states
belong to different vector-mode families, the analysis is based on the full electromagnetic
eigenproblem rather than on a scalar LP approximation. The calculation is performed in two
stages. First, we determine the vector eigenmodes of the reference fiber and the multilayer
section from Maxwell’s equations. Second, these modes are coupled at the two longitudinal
interfaces and propagated through the finite section with their individual propagation
constants.

3.1. Full-vector cylindrical eigenproblem

The reference fiber and the multilayer section are treated as linear, isotropic, nonmagnetic
dielectric waveguides with an axisymmetric refractive-index profile n(r). For the harmonic

convention exp(—iwt) , Maxwell’s equations in each homogeneous layer are written as
VxE =iopH , (7)
VxH =—-iwgyn?(r)E . (8)

Because each uniform section is invariant along the fiber axis and rotationally

symmetric, a modal field can be represented as

{E,H}(r,¢,z)={e,h}(r)exp(ivp)exp(ifz), (9
where v is the azimuthal order of the vector eigenproblem, and g is the propagation
constant. As specified in Section 2, v is kept distinct from the OAM-compatible label 1.

After substituting Eq. (9) into Maxwell’s equations, the six field components reduce to
the two longitudinal components E; and H.. In a homogeneous layer j, both longitudinal
components satisfy radial Bessel equations of the form

[;—;+%%+k§n§—ﬂ2—‘;—ﬂ?’j(r)=0, (10)
where ¥; denotes either E, or H,,and ky=27 /4.

This study uses this formulation as the reference modal framework and extends it to the
finite, radially multilayered section considered here.

The corresponding layerwise solutions are combinations of ordinary or modified Bessel
functions, depending on whether the radial field is oscillatory or evanescent in the region.
This reduction follows the standard full-vector treatment of radially stratified fibers [14-17];
the detailed derivation is omitted here because the present work focuses on modal

interference in the finite multilayer section.
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In our previous work [18], we presented a detailed Maxwell-based derivation of the
vector-mode problem for a three-layer ring-core fiber, including reducing Maxwell’s
equations to the longitudinal field components, constructing the boundary-condition matrix,
and physically interpreting f5, n.s; and the azimuthal order.

At each radial interface, the tangential field components E; Eg H, and Hy are
continuous. Applying these continuity conditions at all interfaces relates the expansion
coefficients of the field solutions in adjacent layers and yields a homogeneous linear system

M, (S)x=0. (11)
where M, () is the boundary-condition matrix for azimuthal order v and propagation

constant §,and x is the vector of unknown expansion coefficients of the longitudinal field

components in all radial layers.
A nontrivial guided-mode solution exists only when the boundary-condition matrix

becomes singular, which leads to the characteristic condition
detMv(ﬂ)=0. (12)

The physical origin of this condition is straightforward: the field may change its radial
functional form between adjacent dielectric layers, but the tangential electromagnetic fields
cannot be discontinuous at an ideal dielectric interface.

In the numerical implementation, the guided roots are located from the near-singularity
of the boundary matrix rather than by relying only on direct evaluation of its determinant.
Once a root has been identified, the associated null-space vector determines the relative
layer amplitudes, from which all six electromagnetic field components are reconstructed and
power-normalized.

For each eigenmode g, the effective refractive index is defined as

Negyq = Ba /Ko (13)

The resulting solutions are classified into the HE, EH, TE, and TM vector families
according to their field structure and azimuthal order. The same full-vector procedure is
used for both the reference RCF and the five-layer intermediate section. The notation negq
and f, is retained consistently throughout the manuscript and Supplementary Materials.

3.2. Interface mode matching and open-guided model
The complete structure contains two longitudinal interfaces and can be represented
schematically as reference RCF—multilayer section—reference RCF.

At the first interface, a power-normalized guided reference mode q is projected onto the
eigenmodes of the multilayer section. The modal amplitudes are obtained from the
electromagnetic field overlaps, subject to continuity of the transverse fields at the interface.
Denoting the bound guided modes of the multilayer section by p, the bound part of the field
immediately after the first interface can be written as

) =Ya,F,. (14)
p

The coefficients agp therefore contain both the spatial and vectorial matching between the
launched reference mode and the segment eigenmodes.

During propagation through the uniform section, the coefficient of each bound mode
acquires the phase factor

aqp(L)=aqp(0)exp(iﬂpL). (15)
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At the second interface, the propagated field is projected onto the guided modes of the
output reference RCF. If 5, denotes the overlap between segment mode p and output
reference mode r, the corresponding guided output amplitude is calculated directly from
Eqg. (5). Eq. (5) is the numerical form of the interference mechanism introduced in Section 2.
The geometry determines agp, brp, and B, whereas the finite length L controls the relative
phases of the terms in the coherent sum. Because the structure and both interfaces are
axisymmetric, only symmetry-compatible modal projections are nonzero in the ideal model;
Eq. (5) is written in general form, whereas the selectivity reported below is evaluated from
the corresponding diagonal channels r = q.

For the mode-selective analysis, we use the same-mode guided transmission T, defined
in  Eq.(6). Using the notation introduced in Section2, T, =Ty , while

T,

Worst =max(THE“,TTEm,TTMm). The modal extinction ratio used to quantify the selectivity is

MER =101log;(T;/T,yorst ) - Here, T, denotes the power recovered in the same guided

reference-fiber mode g that was launched at the input, normalized to the launched power.

Accordingly, Ty , Tyg , Trg ,and Ty refer to separate launch conditions and should not

be interpreted as modal components of a single output field. The modal extinction ratio MER
therefore quantifies the selectivity between the target launch channel and the strongest
competing launch channel. It is not a measure of the modal purity of the total output field.
Likewise, Ty is not the fraction of mode q in the total transmitted optical power, because the
latter may contain other guided and radiative contributions. The present study therefore
reports same-mode guided transmission and channel-to-channel modal selectivity, rather
than total-output modal purity. In particular, T, is a guided output power, not a total power-

transmission coefficient through all possible radiative and guided channels.

A specific treatment is required for radiation generated at the longitudinal interfaces. A
finite numerical transverse domain converts the radiation continuum into a discrete set of
box-dependent states. If these artificial states are propagated coherently over the full
segment and then allowed to recombine at the second interface, the result can depend on the
chosen numerical box radius rather than on the physical fiber.

For this reason, an open-guided approximation is used. At each longitudinal interface,
the field is matched using both bound and radiation components, which preserves the
interface coupling amplitudes and the associated power balance between reflected, bound-
transmitted, and radiation channels. Between the two interfaces, however, only the
physically bound guided modes of the multilayer section are propagated coherently.
Radiation that has left the finite fiber cladding before reaching the second interface is treated
as escaped and is not returned artificially to the output modal projection. Independent
interface calculations confirmed near-unity power balance and separated the transmitted
field into bound and radiation contributions.

This approximation is particularly appropriate for the millimeter-scale section
considered here. For the independently analyzed TM,; case, approximately 0.935 of the

transmitted power remained in the bound guided subspace, whereas approximately 0.065
was carried by radiation components. These values refer to the independent interface test
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case used to validate the open-guided power accounting and should not be interpreted as the
power balance of the nominal HE,; target-transmission calculation. In particular, the

radiative fraction is not obtained as 1-T,. The channel-resolved radiation analysis showed

that the largest modeled propagation distance required for a radiative component to reach a
cladding radius of 62.5 pm is approximately 1.269 mm, which is shorter than the nominal
segment length L =2.025mm. Thus, within the adopted radiation-channel model, all
modeled outward-propagating radiation components reach the finite-cladding boundary
before the second interface and are treated as escaped rather than being returned coherently
by an artificial numerical box. Detailed power-accounting and radiation-escape data are
provided in Supplementary Data S03-S04 and S19-S20.

3.3. Numerical validation

The numerical procedure was validated before it was applied to the multilayer structure.
First, the full-vector eigenproblem was tested against the effective refractive indices
reported by Brunet et al. [4] for their ring-core Fiber 3 configuration. The calculated values
were neﬁ(HE11)=1.461475, neff(TE01)=1.454426, neff(TM01)=1.454091, and

Nggr (HE21) =1.454258 . The corresponding reference values are 1.4615, 1.4545, 1.4541, and

1.4543, respectively. The maximum absolute difference is therefore max| Angg =7.36x10-5,

which is sufficiently small for the phase-resolved calculations performed below. An
independent finite-element calculation of the TMy; mode agreed with the vector boundary

solution to within a few 10-6 in n. . The agreement is particularly important because the

subsequent modal-interference calculation depends directly on differences between
propagation constants rather than only on qualitative modal shapes.

Second, the interface calculation was checked independently for power conservation.
For the TM,; test case, the sum of reflected and transmitted powers differed from unity by

only approximately 3x10-4. This test verifies that the interface decomposition itself does
not introduce a significant artificial gain or loss.

Third, the influence of the finite transverse computational boundary was examined. The
effective index and bound-mode contribution remained stable as the numerical domain
changed, whereas coherent recurrence involving discretized radiation states varied with the
box radius. This behavior provides the numerical justification for retaining the stable bound-
guided subspace while treating outward-propagating radiation as escaped. The
Supplementary Materials contain the detailed eigenvalue benchmark, interface power
accounting, and finite-box convergence data.

Taken together, these checks validate the three elements required for the subsequent
calculation: the vector eigenvalues and fields, the longitudinal interface matching, and the
separation between the bound guided subspace and non-bound radiation components.

The detailed eigenvalue benchmark and independent TM,,; cross-check are provided in

Supplementary Data S01-S02 and Supplementary Fig. S1. Interface power accounting and
the open-guided convergence diagnostic are provided in Supplementary Data S03-S04.
Supplementary Data S14 provides the complete guided-mode set for the reference fiber,
while Supplementary Data S15 provides the compact final validation summary.
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4. Design variables and selection criterion
The general multilayer geometry can be parameterized by

D={R,W,N,dj,nj,L}, (16)
where R specifies the radial position of the multilayer guiding region, W is its total radial
width, N is the number of radial layers, d i and n ; are the thickness and refractive index of

layer j,and L is the physical length of the finite section. The numerical search was organized

hierarchically. Candidate structures were first compared with respect to the radial position and
total width of the guiding region, the number of concentric layers, and the distribution of layer
thicknesses and refractive indices. For each candidate geometry, the full-vector eigenmodes of
the multilayer section were recalculated, the two longitudinal interfaces were matched, and the
physical segment length L was scanned as the principal phase-matching variable. Candidate
structures were retained only when high target transmission T, and low worst-competitor

transmission T, were achieved simultaneously; MER alone was not used as the selection

criterion. The final five-layer configuration was subsequently subjected to independent
wavelength-dependent recalculation, local length-sensitivity analysis, and one-at-a-time
fabrication-perturbation tests.

For a structure occupying the radial interval from a to a+W, the mean radial position
can be written as

R=a+%. (17)

The selected geometry is specified primarily by a and W, because these quantities are
used consistently in the Supplementary Materials.

The mode-selective objective is defined with respect to the four guided reference-fiber
states identified in Section 2. The optimization seeks to maximize the same-mode guided
transmission T, of the HE,;-based OAM-compatible target family while simultaneously

minimizing the largest competing same-mode transmission T, The modal extinction

worst *
ratio (MER), defined earlier, serves as a compact measure of the resulting channel selectivity;
however, a large MER alone is not sufficient, because a trivial solution with very low
transmission for all modes could also produce a large ratio. Therefore, candidate structures
are evaluated based on both high target transmission and low worst-competitor
transmission.

This quantity is used throughout the remainder of the paper as a channel-selectivity
metric and should not be interpreted as the modal purity of a single output field. The same
MER definition is used consistently in the Supplementary Materials. The optimization was
performed at the nominal wavelength 4y =1550 nm.

5. Results and discussion
The numerical results are considered in the same order as the physical processes introduced

in Sections 2-4. We first examine modal selectivity at the nominal operating point, then
analyze its origin in interference and its dependence on segment length. The spectral
response and sensitivity to fabrication perturbations are considered afterward. This
sequence allows us to distinguish the principal physical effect from the conditions required
for its practical realization.
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5.1. Nominal modal selectivity
For the optimized five-layer structure described in Section 2.2 and shown in Fig. 2, the open-
guided calculation was performed at the nominal wavelength Ao =1550nm and the
optimized segment length L= 2.025 mm.

The calculated same-mode guided-output powers are Tyy =0.828891, Ty =0.009600,

Trg, =0.009775, and Tpy =0.006553. Thus, when the HEj; -based OAM-compatible family

is launched, approximately 83% of the input power is recovered in the corresponding HE>:-
based guided output state. In separate calculations in which HE11, TEo1, and TMo1 is launched,
the corresponding same-mode guided-output transmission remains below 1%. These values
characterize separate diagonal input-output channels and therefore do not constitute a
modal decomposition or modal-purity estimate for a single transmitted field.

The strongest competing channel is TEo; with Twose= 0.009775, corresponding to a
modal extinction ratio MER=19.28 dB. These values define the nominal operating point used
in the subsequent analysis. An independent wavelength-dependent recalculation at exactly
1550 nm gives T;=0.829661, Twost=0.010564, and MER=18.95dB. The two nominal
calculation passes are compared in Supplementary Data S06.

The small difference between the two calculation passes was intentionally retained
rather than numerically merged. They agree within about 0.1% in target transmission and
0.3 dB in MER, providing an additional numerical consistency check of the nominal result.

The importance of this result extends beyond the magnitude of the extinction ratio. The
target and the three competitors all belong to guided states of the same reference RCF and
experience the same passive multilayer section. The structure therefore does not operate by
blocking an externally defined spatial beam while transmitting another. Instead, selectivity
arises from the distinct modal decomposition and phase evolution of the four guided input
states within the same finite waveguide section.

The resulting guided-output powers of the target and competing reference-fiber modes
are compared in Fig. 4.

0 |
10 0.828891 L=2.025 mm, A=1550 nm

MER =19.28 dB

-
o
1

L

Guided output power, Tq

0.009775

0.009600
102
0.006553

HE;, target HE;; TEo1 TMoy
Fig. 4. Nominal guided-mode selectivity of the optimized five-layer ring-core section at A=1550 nm and
L=2.025 mm. The HE>;:-based target family retains a guided output power of THE21 = 0.828891, whereas

the competing HE11, TEo1, and TMo1 modes remain below 10-2. The corresponding modal extinction ratio is
MER=19.28 dB.

Ukr. ]. Phys. Opt. 2026, Volume 27, Issue 5 51029



Myroslav Strynadko et al

5.2. Physical origin of the selectivity
The large difference between the target transmission and the transmissions of the competing
modes cannot be explained simply by stronger confinement of the target field. At the first
interface, each launched reference mode excites a set of guided eigenmodes of the multilayer
section. These internal modal pathways have different propagation constants and therefore
accumulate different phases before being projected back onto the corresponding guided
state of the output reference fiber.

For a launched reference mode g, the contribution of an internal guided pathway p to
the diagonal output channel g — q is written as

Wep (L) = bgpag, exp(iﬂpL), (18)

where a,, is the excitation amplitude of the p-th multilayer eigenmode at the input interface,

b, is its projection amplitude onto the corresponding output reference mode, and S, is its

propagation constant. The total output amplitude is therefore
Aq(L)=qup(L). (19)
p

A convenient measure of the phase alignment of the participating pathways is the
coherence factor

Cq(L =%, 0<C,<1. (20)
p'ap

When C; approaches unity, the dominant modal contributions are mutually phase-
aligned and constructively reconstruct the corresponding output mode. In contrast, a small
value of C; indicates that appreciable internal modal amplitudes are present but largely

cancel during coherent recombination.
Within the reciprocal forward bound-mode representation used for this diagnostic, the
input and output reference-fiber sections are identical, and all modes are power-normalized.

For the corresponding diagonal channel g — g, the magnitudes of the reciprocal input and
output overlap coefficients satisfy |bqp |=|aqp|.
We therefore define the bound-subspace coupling of the launched mode q as

2
B, Z|aqp| . Using Eq. (18), the denominator of the coherence factor can then be written as

p
Z|qu| =Z|bqpaqp| =Z|aqp|2=Bq' (21)
p p p
Since T, = |Aq|2, Eq. (20) may equivalently be evaluated as
|4 T
Cq —B—Z - B—q‘* - (22)

Thus, Bg characterizes the coupling of the launched reference mode to the bound guided
subspace of the multilayer section, whereas C; characterizes how coherently these bound
modal pathways recombine into the corresponding output reference mode. The complete
final-design coherence diagnostic and bound-subspace coupling data are provided in
Supplementary Data S05 and S09 and Supplementary Fig. S3.
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For the final five-layer structure at Ao = 1550 nm nm and L= 2.025 mm, this analysis
covered all four launched reference modes. The calculated absolute sums of the internal

are approximately 0.939 for HE,;, 0.908 for HE{;, 0.940

bound-path amplitudes, Z|qu|,
p

for TEo1, and 0.936 for TMyi. Thus, all four launched modes couple appreciably to the bound
guided modal subspace of the multilayer section; the competitors are not suppressed simply
because they fail to enter the finite segment.

|2

Using Tq=|Aq the resulting coherence factors are Cpyp =0.970, Cyp =0.108,

Crg =0.105, Cpy =0.086. The corresponding target amplitude is ‘AHEJ 0.910, very close

to the total available bound-path amplitude of approximately 0.939. Hence, the HE>:-based
target family undergoes predominantly constructive recombination. By contrast, the
competing modes possess similarly large sums of internal path amplitudes but yield
resultant amplitudes of only approximately 0.098 for HE11, 0.099 for TEy;, and 0.081 for
TMo1. Their low output transmissions therefore arise predominantly from destructive or
weakly coherent recombination rather than from weak excitation of the multilayer section.

This result provides direct quantitative support for the interference mechanism
proposed in Section 2. In particular, the low transmission of the competing channels is
caused primarily by destructive or weakly coherent recombination rather than by weak
coupling into the bound modal subspace.

The analysis also clarifies the role of higher radial modes inside the multilayer section.
Their excitation is not necessarily detrimental. An intermediate higher-order radial
eigenmode can serve as one of several coherent propagation pathways connecting the input
and output reference states. Whether such a pathway contributes constructively or
destructively depends on its excitation amplitude, propagation constant, accumulated phase,
and output overlap. Modal multiplicity therefore provides an additional interference degree
of freedom rather than representing only parasitic modal content. Discrimination therefore
arises from mode-dependent coherent evolution in the finite multilayer section rather than
from differential material attenuation.

5.3. Dependence on segment length

Because selectivity arises from relative modal phases, the physical length of the multilayer
section is a critical parameter. Changing L changes all factors exp(if,L) simultaneously and
therefore modifies the coherent sum in Eq. (19).

The numerical length scan shows a pronounced interference maximum around
L=2.025 mm, where high target transmission coincides with suppression of all three guided
competitors. The useful length interval depends on the acceptable residual competitor level.
For T; 20.70 and Twors <0.01, the contiguous interval is only AL=0.275um. Relaxing the
competitor threshold to Twost <0.02 gives AL=1.6125um, while for Tworss <0.05 the
corresponding interval increases to AL = 4.125um. These values demonstrate directly that
the optimized response is phase-sensitive. The underlying local length scan and the
corresponding contiguous tolerance intervals are provided in Supplementary Data S07-S08
and Supplementary Fig. S2. Fig. 5 shows the local dependence of the target and competing
guided-mode transmissions on section length.
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Fig. 5. Dependence of the guided output powers on the length of the finite multilayer section in a

narrow interval around the nominal operating point L= 2.025mm. The target transmission T, =T,

exhibits a pronounced local maximum near the selected length, while the competing HE11, TEo1, and
TMo1 transmissions are simultaneously reduced. This confirms that the operating regime is governed
by finite-length modal interference and that high selectivity is achieved only within a limited phase-
matched length interval.

To examine whether the interference behavior persists over much longer distances, we
evaluated an auxiliary reduced modal-beat continuation of the final short-length response
over the 20-100 mm interval. This continuation is not an independent full-wave propagation
calculation; it tests only the recurrence implied by the modal phase evolution. Its validation
and representative recurrence results are provided in Supplementary Data S16-S18 and
Supplementary Fig. S4.

The resulting modal transmissions exhibit recurrent rather than cumulative behavior. A
relatively favorable recurrence occurs near L = 63.454mm, where T; = 0.786, Tyorse= 0,0215,
and MER= 15.6dB. However, no sampled point in the 20-100 mm interval simultaneously
satisfies the nominal criteria T; 20.70 and Twot <0.02, and the performance at the
favourable recurrence remains inferior to that of the L= 2.025mm operating point.

Therefore, longer propagation does not lead to cumulative modal purification; instead,
the modal transmissions exhibit recurrent interference behavior. This auxiliary long-length
analysis supports the physical interpretation of the device as a finite modal interferometer
and confirms that the millimeter-scale optimum is not merely a truncation of a process that
would continue to improve with length.

5.4. Waveguide/modal spectral response

The spectral behaviour was evaluated by repeating the full modal calculation at each
wavelength. The eigenvalues, field distributions, propagation constants, and interface
overlaps were therefore recalculated rather than obtained by simply scaling the phase of the
1550-nm solution.

Near the nominal wavelength, the target transmission remains high while the dominant
competing mode changes with wavelength. For example, the full recalculation gives
T;=0.82966 at 1550 nm, while Typ =0.01056, Try =0.00626, Tpy =0.00966. At this

wavelength, MER=18.95dB.
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The calculated waveguide/modal selectivity interval is defined by the simultaneous
conditions T;>0.70 and Tworr <0.02. Interpolating the wavelength sweep yields
1548.254nm < A < 1554.432nm, corresponding to an interval width of approximately
AA=6.178nm. The complete wavelength-dependent modal response and interpolated
operating-band limits are provided in Supplementary Data S10-S11. The spectral response
of the target and competing guided-mode transmissions is shown in Fig. 6.

Band edges: 1548.254 nm and 1554.432 nm
M =6.178 nm

>
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Fig. 6. Spectral dependence of the guided output powers for the target and competing modes of the
optimized five-layer section. The curves show T;= TH521 and the competing guided-mode

01 and TTMOI as functions of wavelength. The horizontal dashed lines indicate

the criteria T; =0.70 and Twers=0.02, while the vertical dotted lines mark the interpolated limits of the
calculated waveguide/modal selectivity interval, 1548.254 nm and 1554.432 nm, obtained with the
refractive indices nx and n. held constant. The corresponding interval width is approximately 6.178 nm.

transmissions THEll; T

The refractive indices ny and n; were held constant during the spectral sweep because
the purpose of this calculation was to examine the wavelength-dependent modal and phase
response of the finite-length selector while keeping the material parameters unchanged. The
modal eigenvalues, field distributions, propagation constants, and interface overlaps were
recalculated at each wavelength, so that the resulting variation reflects the waveguide and
modal contributions to the spectral response.

5.5. Fabrication sensitivity and length re-trimming
The same interference mechanism that produces high modal selectivity also makes the
structure sensitive to fabrication-induced changes in the optical path lengths. Variations in
individual layer thicknesses or refractive indices modify both the eigenmode composition
and the accumulated relative phases.

One-at-a-time perturbation tests show that this sensitivity is strongly parameter-
dependent. At the nominal fixed length L=2.025mm, a thickness deviation of only
Ad; =+10nm can move the structure far from the nominal interference condition, reducing

the target transmission and strongly increasing competing-mode reconstruction. Similar
sensitivity is observed for Any=+0.001.

By contrast, the central layer ds; and the inner radial position a are less destructive
under the same absolute thickness perturbation. These results show that characterizing the
structure with a single universal fabrication tolerance would be misleading.
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A significant part of the degradation can, however, be recovered if the physical segment
length is re-optimized after the radial perturbation. For example, after individual deviations
of di,do,ny, or ny, adjustment of L restores target transmissions of approximately 0.75-0.84,
with recovered MER values of approximately 14.2-18.4dB. For instance, the perturbation
An;=-0.001 can be compensated by shifting the optimum length to approximately
L=2.334mm, for which T; =0.815, Twor+=0.0118, and MER~18.39 dB. The complete one-at-a-
time fixed-length perturbation set and the corresponding length re-trimming results are
provided in Supplementary Data S12-S13. The effect of representative fabrication
perturbations and the corresponding recovery achieved by re-trimming the segment length
are summarized in Fig. 7.

al MER = 19, 28 dB
| I .I I I J
: II I ‘

I BN Fixed L =2.025 mm

mam Re-trimmed L

w o

Modal extinction ratio, MER (dB)
o

-10 4
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Fig. 7. Comparison of the modal extinction ratio MER for representative fabrication perturbations
evaluated at the nominal fixed length L=2.025 mm and after re-trimming the segment length. The blue
bars correspond to the perturbed structures evaluated at the nominal length, whereas the orange bars
show the recovered performance after re-optimizing L. In most cases, fabrication-induced degradation
is largely due to detuning of the phase-matched interference condition rather than complete
destruction of the modal-selection mechanism. The dashed horizontal line indicates the nominal
unperturbed value MER=19.28 dB.

The physical interpretation is important. A fabrication error does not necessarily destroy
the modal-interference mechanism itself. In many cases, it mainly changes the propagation
constants and therefore shifts the longitudinal position at which constructive target
reconstruction and competitor cancellation occur. Re-trimming L cannot compensate for every
possible geometrical error, because the error also changes modal overlaps, not just a common
phase. Nevertheless, the recovery observed in the calculations confirms that a substantial fraction
of the degradation is associated with detuning of the interference condition.

5.6. Model limitations and physical interpretation

The results above establish the feasibility of interference-based selection of a prescribed guided
modal family within the stated model. They should not, however, be interpreted as a complete
experimental demonstration of a finished fiber device.

First, the present work is theoretical and numerical. No dedicated fabrication or
experimental transmission measurement of the proposed five-layer section has been performed.
Second, the input state is a known guided mode of the reference RCF. Free-space generation,
focusing, and coupling of an external vortex beam onto the fiber end face are outside the scope of
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the present model. The calculated T, values therefore characterize guided-mode transformation
within the fiber system rather than free-space coupling efficiency. Third, the refractive-index
profile is axisymmetric and reciprocal. It can select an OAM-compatible family characterized by
|1], but it does not distinguish the two signs +I and -1. Selecting a definite handedness requires an
additional symmetry-breaking mechanism, such as chirality, twist, anisotropy, or an azimuthally
varying perturbation.

Fourth, radiation is treated using the open-guided approximation described in Section 3.
Radiation components participate in interface matching but, once they leave the finite cladding,
they are not allowed to return coherently from an artificial numerical boundary. The reported Ty
values are therefore guided output powers, and the unaccounted guided power is not interpreted
as material absorption. Fifth, the spectral calculation includes waveguide/modal dispersion but
not the material dispersion of a specific realizable glass composition. A fabrication-oriented
prediction over a wider wavelength interval would require experimentally justified Sellmeier
functions for both high- and low-index materials. Sixth, the refractive-index values ny=1.520 and
n,=1.444 are treated here as design parameters rather than as a model of a specific pair of
fabricated glass compositions. The present calculations therefore establish the modal feasibility
of the selected refractive-index profile, but do not by themselves demonstrate its realizability
within a particular fiber-fabrication process. A fabrication-oriented design would also require
accounting for material-specific dispersion, achievable index contrast, thermal compatibility, and
processing constraints.

Finally, the fabrication-sensitivity analysis was restricted to one-at-a-time perturbations of
selected layer thicknesses, refractive indices, and radial dimensions. We did not include
correlated multi-parameter fabrication errors, ellipticity, concentricity errors, longitudinal
nonuniformity, fiber bending, or interface roughness. The calculated 19-dB MER should therefore
be interpreted as the performance of an optimized idealized geometry rather than as a
guaranteed fabrication tolerance or manufacturing yield. Within the perturbations considered,
re-trimming the physical segment length partially restores modal selectivity, indicating that much
of the degradation arises from phase detuning; however, this compensation cannot generally
correct changes in modal overlaps caused by arbitrary fabrication errors.

Within these limitations, the calculations support a more general physical conclusion. The
radial multilayer profile does not merely define which eigenmodes can exist. Together with the
finite propagation length, it provides a way to control how several guided vector eigenmodes
interfere when they recombine into a prescribed output state. The mode-selective function
therefore arises from combining radial modal engineering with finite-length coherent evolution.

6. Conclusions
A finite, longitudinally uniform multilayer ring-core section has been investigated as a

passive selector of a prescribed guided modal family. The proposed structure does not rely
on material absorption or active modulation. Its operation depends on exciting several
guided eigenmodes of the multilayer section, their distinct phase accumulation over a finite
propagation length, and their coherent recombination at the output interface. The full-vector
Maxwell model confirms a selective operating regime for the HE»1-based OAM-compatible
guided family. At the nominal wavelength of 1550 nm and the optimized length L=2.025 mm,
the calculated target guided output power is approximately T:0.83, while the strongest
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competing guided mode remains near 0.01, corresponding to MER~19 dB. Wavelength-
dependent calculations with fixed refractive indices show that the selective regime persists
over a finite interval of waveguide/modal selectivity. At the same time, partial recovery
obtained by re-trimming the segment length indicates that fabrication-induced changes do
not necessarily eliminate the interference mechanism but can shift its optimum operating
condition. The results therefore show that radial multilayering can be used not only to
modify the eigenmode spectrum of a ring-core waveguide but also as an interference design
degree of freedom for finite-length guided-mode selection. In this interpretation, higher-
order guided components inside the multilayer section are not necessarily parasitic; they can
form coherent propagation pathways whose controlled phase evolution contributes to
reconstructing the target state and suppressing competing states. This principle provides the
physical basis for further development of compact passive guided-mode selectors.
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AHomayis. 3anponoHo8aHO CKiHYeHHUL N03308X4CHbLO 0JHOPIOHUT 6azamowaposull Kiibyeso-
cepyesuHHull ceemeHm 075 nacusHoi cesaekyii 3adaHozo cimelicmea cnpsiMOBAHUU MOO.
DizuyHull MexaHiam ceaekyii rpyHmyemocss Ha po3kaadaHHi exioHoi modu 3a esacHumu
Modamu 6azamowaposoi diNsiHKU, HAKONUYeHHI HUMU pi3HUX ¢ha3 Ha cKiHYeHHil doexcuHi ma
KozepeHmHill pekombiHayii Ha euxioHill medxci. Jas aHanizy 8uKOpucmaHo nO8HOBEKMOpPHY
Modeab Ha OCHOBI pigHsIHL Makceenna, y3200xiceHHs1 MO0 HA Mexcax ma 6paxy8aHHs
padiayitiHux KomnoHeHm y Modesi idkpumozo xeusesody. /Jias onmumizoeaHoi
n’asmuwaposoi cmpykmypu H-L-H-L-H npu doedxcuni xeuai 1550 HM ompumMaHo nomyxcHicmeo
Yinboeozo HE2;-cyMicHO20 3 op6ima/ibHUM MOMEHMOM imnyascy cimelicmea 6.4usvbko 0,83,
modi sik nepedasanHs koHKypeHmHux HE1;, TEg; i TMp1 Mod cmaHosums 6ausvko 0,01 abo
MeHwe. BidnogioHe Modose gidHOWeHHs eKcmuHKyii cmaHosumb npubaudHo 19 0b.
Po3paxoeaHutl iHmepsa. xeune800H0-M000801 ceseKkmueHocmi oxonare npubausro 1548,25-
1554,43 Hm 3a @PiKCOBAHUX NOKA3HUKI8 30A/10M/AEHHS. AHA/I3 MeXHO/02iYHUX 8i0Xu/eHb
nokasye 8ucoky ¢aszogy yym/augicms cmpykmypu, 00HaK Nno8mopHe nidcmpor8aHHsl 008HCUHU
ceaMeHmMa 4acmkogo BIOHOB/IKWE MO0J08y ceqeKmugHicmb, Ompumadi  pesysbmamu
nokasyrwms, Wo padiaibHe 6azamowapoge cmpykmypyg8aHHs MOXce 8UKOPUCMO8YBAMUCS K
iHmepgepeHyiiiHuti cmyniHb c80600u 045 ceaekyii cnpssmosaHuli Mod y CKIHUEHHUX
80/10KOHHUX C€2MEeHMax.

Kawuosi caoea: kiavyeso-cepyesuHHe 0NMmMoOGOI0KHO, OpOIimMa/abHUll MOMEHM iMnyavcy,
6azamowaposuti xeuegid, modosa_inmepgepeHyis, modoea cesekyis
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