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Abstract—Based on the coupling mode theory and numerical
simulation, intramode-group coupling in orbital angular momen-
tum (OAM) fibers with elliptical deformation is analyzed in depth.
The elliptical deformation not only introduces a time delay differ-
ence between even and odd modes of the same high-order vector
mode but also destroys the structure of the high-order vector
modes; the structural damage depends on the strength of the
elliptical deformation. When the elliptical deformation is relatively
small, the structural damage of high-order vector modes can be
ignored and coupling can be thought as occurring only between two
OAM modes composed of the same high-order vector mode. While
the elliptical deformation becomes larger, the structural damage
cannot be ignored, coupling appears among four OAM modes in the
same OAM mode group, and the coupling between two OAM modes
composed of the same high-order vector mode is more serious.
The results will pave the way for the establishment of accurate
propagation models and the optimization of the OAM fiber design.

Index Terms—Optical fiber communication, mode division
multiplexing (MDM), orbital angular momentum (OAM), mode
coupling.

1. INTRODUCTION

O SOLVE the pending capacity crunch of optical fiber
T communication in the next decades, mode division multi-
plexing (MDM) is considered a promising method to overcome
the capacity bottleneck imposed by the nonlinear Shannon limit
in the single-mode fiber [1]-[4]. Traditional MDMs are imple-
mented by transmitting multiple orthogonal linearly polarized
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(LP) modes in the few-mode fibers (FMFs), which increase
the system capacity in proportion to the number of modes.
However, because the LP modes in these weakly-guiding fibers
have small effective index separation, coupling is severe among
these modes [5], [6]. The mode coupling can be addressed
using the multiple-input-multiple-output (MIMO) digital signal
processing [7], which will undoubtedly increase the complexity
and cost of the system. A scheme to solve this problem is to
suppress the mode coupling by optimizing the fiber structure.
Recently, two types of optical fibers have been proposed to
mitigate mode coupling, which simplify or eliminate the MIMO
processing. One type is elliptical-core fibers (ECFs) to support
linearly polarized vector (LPV) modes [8], [9], and the other
is ring-core fibers to support orbital angular momentum (OAM)
modes [10]-[12]. Compared to the former, the latter can support
more modes and provide a larger communication capacity. Here,
we focus on the latter.

The prerequisite for implementing free-MIMO processing in
an OAM-MDM system is that there is no coupling among the
OAM modes in fibers, or the coupling is very weak and can be
ignored. Therefore, it is of great importance to grasp the coupling
mechanism of OAM modes and subsequently design OAM
fibers to avoid mode coupling. Mode coupling in OAM fibers has
two sources: intrinsic mode coupling and extrinsic mode cou-
pling. The former comes from the spin-orbit coupling caused by
alarge index contrast between the core and the cladding of OAM
fibers, which has been thoroughly investigated, and great re-
search results have been achieved [13], [14]. The latter originates
from geometrical deformations, stress birefringence, bending,
twisting, exterior electromagnetic fields, etc. [15]-[20]. OAM
modes in fibers are formed by the superposition of even and odd
modes from the same high-order vector modes (HE;1 or EH_q
modes) with a phase difference of 7/2. Ideally, the even and odd
modes are degenerate; thus, OAM modes can stably exist. How-
ever, the degeneracy of modes will be broken, and the eigenmode
structure will also be destroyed due to manufacturing defects
and extrinsic disturbances. The fiber imperfections will cause
different types of OAM mode coupling: (i) coupling between two
OAM modes composed of the same high-order vector modes;
(ii) coupling among the OAM modes supported by HE;;; and
EH,; modes; (iii) coupling among OAM modes in different
OAM mode groups. In the OAM fibers, OAM modes in different
mode groups have large effective index separation (>107%) [22];
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thus, this type of coupling is weak and can be ignored. Therefore,
the research is focused on the coupling between modes in the
same OAM mode group, which is called the intramode-group
coupling. Both (i) and (ii) belong to intramode-group coupling.
Here, we take elliptical deformation as an example to analyze
the intramode-group coupling in OAM fibers.

In practice, some researchers have preliminarily investigated
the OAM mode coupling caused by disturbances [15]-[20].
Yang Yue noted that elliptical deformation would introduce a
time delay difference between even and odd modes of HE;; 1 or
EH, 1 modes [15]. Then, Lixian Wang first proposed the concept
of “OAM polarization mode dispersion (PMD)” and generalized
the form describing the PMD in a single mode fiber to rewrite
OAM-PMD in OAM fibers [16]. They laid a foundation for
the research of OAM mode coupling; however, the conclusion
that perturbations only introduce the effective refractive index
difference between even and odd modes is incomplete because
they do not consider the structural damage of eigenmodes. As a
consequence, they can only analyze the coupling between two
OAM modes composed of the same high-order vector modes.
Ramesh Bhandari investigated the spatial OAM modal crosstalk
by using analytic expressions for a slightly elliptical fiber under
the weakly guiding approximation [21]. In addition, the Gian-
luca Guerra team theoretically analyzed the coupling between
OAM modes by adopting the coupled mode equation [23],
[24]. The corresponding coupling model is built by applying
multimode fiber techniques and taking the OAM modes as basis
functions [25], [26]. Based on this theory, the coupling between
OAM modes supported by the HE and EH).; modes has been
investigated, which is of great significance. Mai Banawan et al.
proposed a coupling model based on numerical mode solver
outputs of perturbation to quantify the coupling and degeneracy
of OAM modes in OAM fibers [27]. However, the coupling
between two OAM modes composed of the same vector modes
has still not been analyzed, and the two types of coupling in
the same OAM mode group cannot be simultaneously fully
considered.

In this paper, we will comprehensively analyze the intramode-
group coupling based on high-order vector modes that constitute
OAM modes. We first analyze the coupling between high-order
vector modes and subsequently elucidate the coupling mecha-
nism between OAM modes in the same OAM mode group. Thus,
the paper is structured as follows. In Section II, we present the
high-order vector modes and OAM modes in ideal OAM fibers.
In Section III, we analyze the coupling between high-order vec-
tor modes by coupled-mode theory and numerical simulation.
The evidence shows that the elliptical deformation introduces
an effective index difference between even and odd modes and
destroys the structure of eigenmodes. Different strengths of
elliptical deformation cause different structural damages. When
the elliptical deformation is small, the structural damage of
eigenmodes can be ignored, and the eigenmodes exhibit high
mode purity. While the elliptical deformation becomes larger,
the structural damage of eigenmodes cannot be ignored, and the
eigenmodes of fibers become a hybrid state of HE;; and EH_;
modes. In Section IV, we assess the coupling between OAM
modes in the same OAM mode group. For OAM fibers with a
very small elliptical deformation, coupling occurs between two
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OAM modes composed of the same vector modes. However,
when the elliptical deformation becomes larger, coupling ap-
pears among four OAM modes in the same mode group, and
the coupling between two OAM modes composed of the same
high-order vector mode is more serious. Finally, we draw the
conclusions.

II. THE MODES OF THE IDEAL OAM FIBERS

In general, the fibers supporting OAM modes exhibit a high
index contrast between core and cladding. Therefore, the weakly
guiding approximation is no longer adopted to achieve the exact
eigenstate solutions. The electric field components E,, E, and
E, of eigenmodes in cylindrical coordinates can be obtained
by solving Helmholtz equation precisely [28]. To analyze the
polarization information of modes in the following, E;. and E,,
components are converted into £, and E, components. The
eigenmodes with the same orders can be expressed as follows:

E, —F)m (1) coslp .
HER | By | = Gum(r)sinlp | (7et)
E. —iHpm (r)cos(I4+1) ¢
E, —F (1) sinle o
et (5 )= ety | eGrme
E, —iHm (r)sin (I +1) ¢
E, Fy o (r) cosle »
gt [ By | = Gum(r)sinly i (PF 1 am)
E, —iHpm (r)cos(I—1) ¢
E, Fy o (r)sinle A
EHl"flf{m E, |= =Gy (1) cosly ei(BF M zmwt)
E, —iHp (r)sin (I —1) ¢

ey

where the superscripts “even” and “odd” denote even and odd
eigenmodes, respectively; subscripts / £1 and m are the angu-
lar and radial order of the eigenmodes, respectively; F; (1),
G m(r) Hy 1, (r) are the radial-dependent function of x, y and z
directions, respectively; ¢ is the azimuth angle; BZH E and 5ZE "
are the propagation constants of the HE;; and EH; ; modes,
respectively.

The OAM modes in fibers are formed by superposing degen-
erate even and odd modes of the same high-order vector modes
with a phase difference of +7/2. Due to the large index difference
(corresponding to strongly guiding fibers), the synthesized OAM
mode is no longer a pure mode with single topological charge
number [14], [23]. Thus, the transverse components of OAM
modes can be written as follows:

OAME,,, = fr (r)(& £ ig)e el (3 72wt)
+gi41(r)(T F ig)eﬂ<l+2>w6i(ﬁaf;z%)

OAMY, . = fia(r)(@F iy)eiilwei(ﬁ}z”zfm)
+agi1(r)(z £ ig)eii(l%)wei( HE 2 wt) 2)

where the signs in the superscripts “+ and “—"" corresponding
to & £ ¢y denote right and left circular polarizations, respec-
tively. Radial function f+1(r) and g;+1(r) depend on F ,,(r) and
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Fig.2. Composition method of four OAM modes from the OAM mode group
forl=2.

Gim(r). OAM mode is composed of the dominant component
with the helical phase factor exp (Zil) and the secondary com-
ponent with the helical phase factor exp [£i(/ £ 2)¢]. In order
to facilitate demultiplexing, we generally take the radial index
m as 1, which is omitted in the following. To better understand
OAM modes, Fig. 1 explains the process of synthesizing the
dominant component O AM ", mode. The OAM mode exhibits
aring intensity distribution and carries a helical phase wavefront
and a circular polarization state.

Not considering the waveguide structure characteristic, the
combination form of four OAM modes from the OAM mode
group for [ = 2 is shown in Fig. 2. The white arrows indicate the
wavefront rotation direction, and the red arrows is the direction
of polarization. For the OAM modes composed of the HE |
mode, the wavefront rotation direction is aligned with the cir-
cular polarization, while for the OAM modes composed of the
EH |1 mode, the wavefront rotation direction is anti-aligned with
the circular polarization. Moreover, two OAM modes composed
of the same high-order vector modes have identical propagation
constants, which are degenerate.

III. COUPLING BETWEEN HIGH-ORDER VECTOR MODES IN
THE ELLIPTICAL OAM FIBERS

To analyze the mode coupling between the corresponding
modes in the same OAM mode group, we must resort to the
high-order vector modes (HE;{; and EH;.; modes). The in-
teractions among the vector modes of TEy;, TMy1, and HE2;
have been studied in detail, and the results indicate that the
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mode coupling among these modes is serious [29]. Here, we
focus on the coupling among the high-order vector modes with
topological charges larger than 1. The evolution of high-order
vector modes in the slightly perturbed OAM fibers satisfies the
coupled mode equation [30]:

A ~
W) _ i+ Ki(2) Az)
dz
ai Bue 0 0 0
i as - 0 BHE 0 0
Al - as ) Bl - 0 0 ﬁEH 0 )
N 0 0 0 Bem

K1 Ky K13 K4
Ko Koy Koz Koy
K; = 3
: K31 K32 K33 K34 3

Ky Ky Kyz Ky3

where [ is the topological charge, A; is the complex amplitude
vectors of these basis functions, 3; is the diagonal matrix of the
propagation constants, and K; is a 4 x 4 coupling matrix. When
the mode-dependent loss is ignored, K; is the Hermitian matrix,
and coupling coefficient K; ; between the ith mode and the jth
mode is given in (4):

00 2w
Kij = %/0 /O E;AéEjrdrde = K 4)

where w is the angular frequency, E; and E; are the complete
electric fields that are composed of transverse and longitudinal
components of the ith mode and jzh mode, respectively, and A€ is
the variation in permittivity caused by perturbation. For elliptical
deformation, A& ~ e (n?, — n?)d(r — a) cos 2¢ [30], where
¢ is the deformation factor related to the deformation strength,
g is the permittivity, n., and n.; are the refractive indices of
the core and cladding, respectively, and a is the core radius. The
integral calculation of the coupling coefficient K; ; is complex
and unnecessary, but the integration over ¢ is very easy to obtain
because the electric field expressions of E;, Ej;, and A& depend
on ¢. When the integration over ¢ is nonzero, coupling between
the corresponding modes occurs; otherwise, coupling does not
appear.

Analogous to the HE;; mode in single-mode fibers, we
calculate the coupling matrix of high-order vector modes in
OAM fibers. In the single-mode fibers, the basis functions are
selected as the HE 11 modes, whose electric fields can be obtained
according to (1) for HE with [ = 0:

E, Fy (r) E,
|HEf1> Ey = 0 ) |HE?1J1> Ey
E. iHy (1) cos ¢ E,
0
= GO (T’) (5)

iHo (r)sin g

By substituting (5) and the expression of A¢ into (4), we
obtain the corresponding coupling matrix Ky:

’Y%Tlﬂ 0 T (" 0
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where, v11 = EHo(r)/Fo(r), v22 = EH(r)/Go(r). For the cou-
pling matrix, the self-coupling coefficients (K1, K22) describe
a mismatch of the basis functions, and the mutual coupling co-
efficient (K12, Ko1) describes the coupling between the different
basis functions. As shown in (6), K is a diagonal matrix; thus,
the elliptical deformation of a single-mode fiber only introduces
an effective index difference between x polarization and y po-
larization, but it does not cause their coupling. Therefore, the
eigenmodes of elliptical single-mode fibers continue to maintain
x and y polarizations of the HE;1 mode.

In the OAM fibers, the basis functions are selected to be even
and odd modes of HE;; 1 and EH; 1 modes, whose expressions
can be obtained according to (1):

E, Fy (r)cosly
|HEZV")Y | By | = — —G (r)sinly
E, iH; (r)cos(l+1)¢p
E, Fy (r)sinlp
’HEl"f‘b E, | =- Gy (r)cosly
E, iH; (r)sin(l+1)¢
E, Fy (r)coslp
|EH") | By | = Gy (r)sinly
E, —iH; (r)cos(I—1)¢
E, Fy (r)sinly
’EHOdd> E, | = —G (r)coslp @)
E, —iH; (r)sin(I—1)¢

By substituting (7) and the expression of A£ into (4), the
corresponding coupling matrix K; (I >1) is obtained, which is
an approximate expression for elliptical deformation:

0 0 Ki3 O
0o 0 0 Ky
Kl_Kglooo ®)
0 Kgp 0 0O

where K;; depends on core ellipticity, the topological charge
number, and radial-dependent function of z directions from dif-
ferent modes. It is difficult to obtain an analytical expression for
the coupling matrix. Here, the coupling between different modes
is provided qualitatively. The quantitative coupling relationship
will be presented in the following simulation. The coupling
matrix K is not a diagonal matrix, and the values of coupling
coefficients K13, K31, K24 and Ky are not zero, which implies
that mode coupling occurs between even (or odd) modes of
HE;;1 and EH; ; modes. Therefore, the elliptical deformation
of OAM fibers not only introduces an effective index difference
between even and odd modes of high-order vector modes but
also destroys the eigenmode structure. Thus, the effect of the
elliptical deformation on high-order vector modes is different
from that on HE;; modes. The reason is that the polarization
state of high-order vector modes is spatially inhomogeneous
[31]. Therefore, the concept of “PMD” in a single-mode fiber
cannot be directly applied to OAM fibers.

By solving the eigenvectors of coupling matrix K;, we can
obtain the eigenmodes of the elliptical OAM fibers, which are
no longer pure HE or EH vector modes but hybrid states of them.
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Thus, the eigenmodes are written as follows:
eml1 = |HEf+”§"> o |EH”“3">
— (14 01) Fi(r)cosly

(1 —01)Gi(r)sinlp
—iH(r)[cos(l + 1) — oy cos(l — 1)g

em? = | HERH) — oy | EHE

— (1 + o092) Fy(r)sinlp )

— (1 = 09) Gy(r) cosly
—iH(r)[sin(l + 1)¢

em} = |EH{™) + oy |[HES™)

—oysin(l — 1)p

(1—01) Fi(r) cosly
(14 01)Gi(r)sinly
—iH;(r)[cos(l — 1)p + o1 cos(l + 1)

em| = |EH}Y) + o3 |HEPH)

(1 —03) Fi(r)sinly
— (14 09) Gi(r) cosly
—iH(r)[sin(l — 1)¢ + oo sin(l + 1))

where the first part of the constituting eigenmodes represents the
dominant component, the second part represents the disturbance
term which is the secondary component, and o; (0 < o; <1,
j =1, 2,3, 4) is the ratio of the disturbance term to the
dominant component. (9) also includes the spin-orbit coupling
effects. In addition, the value of o; depends on the elliptical
deformation, and a more severe deformation has a larger o;j.
When the elliptical deformation is extremely small, o is close
to zero, and the eigenmodes are still high-order vector modes.
When the elliptical deformation increases, o; increases, and the
eigenmodes become a hybrid of HE; ; and EH;_; modes. When
the elliptical deformation is sufficiently large, o; approaches 1.
In this case, the eigenmodes become LPV modes [8], which can
be expressed as follows:

(€))

Fi(r) cosly
em; = 0
—iH;(r) sinlpsin ¢

Fy(r)sinly
em? = 0
iHy(r) coslpsin ¢

0
em; = G(r)sinly ,
—iH;(r) cos ly cos ¢
0

em) = Gi(r) coslp
iHy(r)sinlpcos ¢

(10)

Note that our goal is to qualitatively clarify the coupling
relationship between high-order vector modes by the coupled
mode equation and do not provide the precise coupling strength
and effective index difference among different eigenmodes be-
cause of the complicated calculation, which will be evaluated
by numerical analysis methods in the following.
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Fig. 4. Normalized intensity of eigenmodes with different ellipticities 7 for
the C-PCF.

Compared with conventional ring-core fibers, a circular pho-
tonic crystal fiber (C-PCF) supporting OAM modes is easy to
achieve the large refractive index contrast without doping and
exhibits some flexibly adjustable properties [32], [33]. More-
over, C-PCF belongs to the category of ring fiber and can be
equivalent to the ring-core fiber [34]. Here, we take a C-PCF
as an example to analyze the structural damage of eigenmodes
and the effective index difference between adjacent eigenmodes.
The elliptical C-PCF is formed by removing the first two layers
of air holes of the photonic crystal fiber base and arranging a
large air hole in the center, as shown in Fig. 3. The refractive
indices of air and silica are 1 and 1.444 (at a wavelength of 1.55
pm), respectively. A and d denote the concentric spacing and
the diameter of cladding air holes. The inner radii along the x
axis and y axis are a, and a,, respectively, and the outer radii
along the x axis and y axis are b,, and b,;, respectively. The ratio
7 represents the ellipticity, where n = b,/b, = a,la, (n = 1
for a perfect circular ring). The fiber structure parameters are
setas A = 2.0 pm, d/A = 0.8, a, = 1.2 ym and b, = 3.2 pm,
respectively.

Fig. 4 intuitively illustrates the variation of the normalized
intensity of eigenmodes with ellipticity 7 for the C-PCF. When
1 is 1.005, the eigenmodes are almost pure high-order vector
modes and have a ring-shaped intensity distribution. With the in-
crease of 7, the structure of high-order vector modes is gradually
destroyed, and finally the eigenmodes degrade into LPV modes.
To further elucidate the effect of the elliptical deformation on
the structural damage of eigenmodes, Fig. 5 shows o of the
eigenmodes as a function of 7, which is obtained by finite
element mode solver COMSOL [20]. o obviously increases
with increasing 7, and the curves are roughly divided into three
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mode groups according to topological charge [. For a larger /
carried by the eigenmode, o of the eigenmode is smaller. For
the fourth-order OAM mode group (HE5; and EHs; modes),
o is always less than 0.04 in the ellipticity range of 1-1.02.
Therefore, the structure of the HE5; and EH3; modes has a
large tolerance to elliptical deformation. In addition, when the
ellipticity is less than 1.01, o of all eigenmodes is less than 0.1,
which implies that the corresponding purity of high-order vector
modes is larger than 99%. In this case, the structural damage
of high-order vector modes can be ignored. Here, the purity
is defined as the power weight of the major high-order vector
modes in the eigenmodes, which can be expressed as 1/(1 + o)
[14].

Figs. 6 and 7 present the effective index of eigenmodes and
effective index difference dn g between adjacent eigenmodes as
a function of ellipticity 7, respectively. As shown in Fig 6, the
eigenmodes in different OAM mode groups have large effective
index separation; thus, coupling among OAM modes in different
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mode groups can be ignored. For the eigenmodes in the same
OAM mode group, em; and em? (destroyed even and odd modes
of the HE;;1 mode) and em; and em; (destroyed even and
odd modes of the EH;_; mode), have similar refractive indices.
Therefore, we must calculate the dn.s between them. on g
between adjacent modes increases with increasing ellipticity 7,
and a higher order of modes corresponds to a smaller dn.g, as
shown in Fig. 7. dn.g in the fourth-order OAM mode group
always remains small in the range of ellipticity of 1-1.02, which
indicates that the degeneracy of these modes is not easily broken.

In summary, when the ellipticity is relatively small (n <1.01,
mode purity >99%), the elliptical deformation of OAM fibers
mainly introduces dn . between even and odd high-order vector
modes and the structural damage of high-order vector modes can
be ignored. With the increase of ellipticity from 1.01 to 1.02, the
elliptical deformation of OAM fibers not only introduces 0ng
between even- and odd-order vector modes, but also make the
structural damage of high-order vector modes to become more
and more serious, which will cause coupling between even (or
odd) modes of HE; 1 and EH;.; modes.

IV. MECHANISMS OF OAM MODE COUPLING

As described in the previous section, the effect of elliptical
deformation on high-order vector modes can be roughly dis-
tinguished into two categories. The OAM modes in fibers are
composed of even and odd high-order vector modes with a phase
difference of 7/2; thus, the coupling between OAM modes can
also be divided into two cases. Note that it is inevitable that
spin-orbit coupling always exists in OAM fiber. Here we focus
on the influencing mechanism of elliptical deformation on OAM
modes. In order to make the analysis more concise and clear, we
ignore spin-orbit coupling and regard the characteristic modes
in OAM fiber as ideal high-order vector modes in the following.

® Case 1 (small ellipticity n <1.01): The OAM modes

composed of HE;; and EH;; modes are independent of
each other, thus can be treated separately. The effective
index difference on.g between even and odd modes of the
high-order vector modes destroys the mode stability, which
causes coupling between two OAM modes composed of
the same high-order vector mode. In this case, the OAM
mode coupling is similar to the PMD phenomenon in
single-mode fibers.

® Case 2 (large ellipticity 1.01 <1 <1.02): The OAM modes

composed of HE;; and EH; ; modes are not independent
of each other. Apart from the coupling between two OAM
modes composed of the same vector mode, coupling also
occurs between two OAM modes superposed by HE;
and EH ;.1 modes.

A. OAM Mode Coupling Caused By Small Ellipticity

The OAM modes in fibers are defined as a superposition of
even and odd modes from the same high-order vector modes
with a phase difference of 7/2. In an ideal OAM fiber, even
and odd modes from the same vector mode have identical
effective indices. Therefore, there is no time delay difference
between them, and the OAM modes can stably exist in fibers.
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Fig. 8. Schematic diagram of the OAM mode coupling caused by a small

ellipticity.

In fibers with a small ellipticity, the degeneracy of even and
odd high-order vector modes is broken. The time delay dif-
ference increases with increasing transmission distance, which
will correspondingly destroy the stability of OAM modes and
cause coupling between two OAM modes composed of the same
high-order vector modes. We take the second OAM mode group
(I = 2) as an example to elucidate the OAM mode coupling
mechanism, as shown in Fig. 8.

When the eigenmode HE3; (EH11) is transmitted in the OAM
fibers, phase difference 6 between even and odd modes can be
expressed as follows:

0= "bnessL (11)

where A is the operating wavelength, dn g is the effective index
difference between even and odd modes of the same vector
modes, and L is the transmission distance. The synthesized mode
1)1 can be written as follows:

V1 (p) = HESY" +iexp (i0) HES? (12)

In addition, v); can be represented as a superposition of all
pure OAM modes in the fiber [35]:

+x

U1 () =Y Arexp(ily)

l=—x

13)

where A; is the proportionality coefficient of the pure OAM
mode:

M=o / b1 () exp (—ilep) dip (14)

By substituting (12) into (14), we obtain the proportional-
ity coefficient of each OAM mode as a function of 6, as shown
in Fig. 9. The two OAM modes (OAM |, and OAM ") formed
by even and odd modes of the HE3; mode couple to each other
with increasing phase difference # and show a periodicity. Here
only a small section of OAM fiber with constant birefringence
direction is represented. Therefore, the periodic behavior is due
to neglecting the randomness of orientation rotation along fiber
transmission distance.

Fig. 10 shows the normalized intensity, phase and polarization
of the synthesized mode at points (a)-(f) in Fig. 9. To better
understand the phase variation of the mode, the third row ex-
hibits the phase distribution of the mode at a certain radius.
The intensity is obviously always evenly distributed along the



ZHANG et al.: EFFECTS OF THE INTRAMODE-GROUP COUPLING INDUCED BY THE ELLIPTICAL DEFORMATION OF OAM FIBERS

@1 M1
s (b) 85%
£ sonl 1
]
£
g
S 60% - oam:. |
AM
% (¢) 50% ©50% W _ . OAM*:
5 40% ¢ ]
=
=3
=3
2 20%f |
-9
@o
0
0.57 17 157 2
[

Fig. 9. Proportionality coefficient of OAM modes as a function of 6. (a) 6 =
0.(b) 0 =7/4.(c) 0 = /2. (d) 0 = 7. (e) 0 = 3n/2. (f) 0 = 2.

©)
©
©
©)
©
©)

0.5m In 157 27 0 0.51 In 1.5n 2n

Azimuth

E :

=

S

E

o

~ (@) (b) © (d (©)

Fig. 10. Intensity, phase and polarization of the synthesized modes as a

function of 0. (a) 0 = 0. (b) 6 = 7w/4. (¢c) O = /2. (d) 0 = 7. (e) 0 = 37/2. (f)
6 =2m.

azimuth at each value of #, while the phase and polarization
vary with 6 and take on a periodic trend. With increasing 6, the
helical phase wavefront of OAM modes is gradually destroyed;
when 6 is 7, the wavefront is reversed. When 6 becomes 27, the
phase changes complete a cycle and return to the initial state.
The polarization also experiences a similar process to the phase
wavefront: it changes from right circular polarization (8 = 0)
to linear polarization (6 = 7/2), to left circular polarization (6
= ), and subsequently back to the right circular polarization
(initial state) [36]. Compared to the OAM modes in the ideal
OAM fiber (Fig. 1), this type of mode coupling will destroy
the polarization and phase of OAM modes, and its effect on the
phase and polarization is consistent. In addition, the OAM fiber
exhibits a mode field evolution similar to that of weakly-guiding
fiber with small ellipticity, that is, the elliptical deformation
changes the polarization and OAM of the OAM modes without
changing the intensity distribution of the modes [37]-[41].

B. OAM Mode Coupling Caused By Large Ellipticity

For OAM fibers with a large ellipticity, the OAM modes
composed of HE;; 1 and EH; ; modes are not independent of
each other. We also take the second OAM mode group as an
example to illustrate the OAM mode coupling mechanism, as
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Fig.11.  Schematic diagram of OAM mode coupling caused by large ellipticity.

shown in Fig. 11. The four OAM modes in the same mode
group are injected into the fiber, which will excite the HE3;
and EH;; modes. Since the eigenmodes of the large-ellipticity
OAM fibers are hybrid modes of HE3; and EH;; modes, the
HE3; and EH;; modes cannot stably exist in the fiber. There
may be leakage between even (or odd) modes of HE3; and EH1,
modes, which will cause coupling among the corresponding
OAM modes. Therefore, in OAM fibers with large ellipticity,
coupling occurs among four OAM modes in the same OAM
mode group.

When the optical field travels through OAM fibers with large
ellipticity, the synthesized modes in the same OAM mode group
can be expressed as follows:

OAM;yninesizea = €mi + iexp(if)em]
= (HE{{" + iexp(i0) HEPM)
— 612 (BHF™ + iexp(if) EHPY)
OAM? ihesized = €mi — iexp(if)em]
= (HE{™ — iexp(i0) HEPY)
— G12 (EHP™ — iexp(if) EHPY)
OAM, pinesizea = €mi + iexp(if)em;
= (EH™ + iexp(i0) EHPY)
+ G612 (HEFYS™ + i exp(i0) HEPY)
OAMyihesizea = €My — iexp(if)em;

= (BHf{™ — iexp(i0) EH")

+ 610 (HEFYS™ — i exp(i0) HEPY)
(15)

where 12 is the average values of o and o9, and their size
depends on the structural damage degree of the eigenmodes. The
first item of the synthesized modes represents the superposition
of two OAM modes composed of even and odd modes from the
same high-order vector mode, which is the dominant component
of the mode coupling. The second item represents the contri-
bution from adjacent OAM mode pairs, which is a secondary
component of the mode coupling. In OAM fibers with a large
ellipticity, coupling obviously occurs among four OAM modes
in the same OAM mode group, and the coupling between two
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OAM modes composed of the same high-order vector mode
is also more serious. When the mode coupling between adja-
cent OAM mode pairs can be ignored, the mode demultiplexer
is followed by two isolated receivers: one for O AM j_’l and
OAM—, modes (composed of HE;|; modes) and the other for
OAM jand OAM ™, modes (composed of EH;.; modes). If the
adjacent mode coupling is not negligible, a 4 x4 MIMO digital
signal processing system is required. To understand the effect of
the elliptical deformation on the mode coupling between OAM
modes constituted by HE;, and EH;_; modes, the crosstalk of
OAM modes as a function of ellipticity 7 is shown in Fig. 12.
Here, the crosstalk is defined as the power leakage between
adjacent OAM mode pairs OAM 3, and OAMT, modes:

Crosstalk on OAME

POWET o AN,

POWET o A%, + POWET O A M,

= 10log (16)

where powerg 4 M, is the power of OAM mode pair O AM fl,
and powerp 4 M7, 1s the power of adjacent OAM mode pair

OAML. As shown in Fig. 12, the crosstalk of OAM modes
gradually increases with ellipticity 7, and a larger topological
charge [/ carried by the OAM mode corresponds to a smaller
crosstalk of OAM modes. For 1 of 1-1.013, the crosstalk of all
OAM modes is less than 20 dB (the mode purity is larger than
99%); thus, the mode coupling between OAM modes constituted
by HE; 1 and EH; 1 modes can be ignored. When 7 is larger than
1.013, the coupling between adjacent OAM mode pairs cannot
be ignored.

V. CONCLUSION

In this paper, the intramode-group coupling effects in elliptical
deformation OAM fibers were examined using coupling mode
theory and numerical simulation. The elliptical deformation of
OAM fibers not only introduces a time delay difference between
even and odd modes of high-order vector modes of the same
mode group but also destroys the structure of high-order vector
modes; the degree of structural damage depends on the strength
of the elliptical deformation. For OAM fibers with small ellip-
ticity (0 < n < 1.01), the structural damage of high-order vector
modes can be ignored; hence, the elliptical deformation only
introduces a time delay difference between even and odd modes.
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For this scenario, when the optical field travels through the OAM
fiber, the time delay difference between even and odd modes
increases with the transmission distance, which will cause a
coupling between two OAM modes composed of the same
high-order vector mode. This coupling mechanism is similar
to the PMD phenomenon in single-mode fibers. In OAM fibers
with large ellipticity (1.01 < 7 < 1.02), the structural damage of
high-order vector modes cannot be ignored. The eigenmodes of
fibers are no longer HE; or EH;_; modes but a hybrid of HE
and EH;; modes. For this case, coupling occurs among four
OAM modes from the same OAM mode group, and the coupling
between two OAM modes composed of the same high-order
vector mode is also more serious.

Our research has revealed the coupling mechanism of OAM
modes in depth, which paves the way for the establishment of
accurate propagation models and provides a theoretical basis for
designing OAM fibers with better performance. In addition, we
only analyzed the mode coupling caused by elliptical deforma-
tion, and other forms of perturbations can be similarly analyzed.
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