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With the development of orbital angular momentum (OAM) photonic crystal fibers (PCFs) for more efficient com-
munication, fiber claddings are important to the performance. In this paper, the influence of SiO, and four new
optical materials, which are amethyst, SSK2, SF11, and LaSF09, as cladding materials, on the OAM mode char-
acteristics is studied based on a common PCF for OAM transmission. In addition, the effective index difference,
dispersion, confinement loss, and other properties of OAM modes transmitted in the five materials are derived by
the finite element method. After in-depth analysis, universal rules can be obtained as guidelines for optimization
of PCF in the future for improving the efficiency of optical fiber communication. Through chart analysis, it can be
concluded that when materials of high effective refractive indices are used as cladding materials for PCF, the disper-
sion, nonlinear coefficient, confinement loss, mode purity, and other properties are significantly improved. Lower
dispersion and confinement loss are more conducive to long-distance communication transmission. The decrease
in nonlinear coefficient represents a better effect in suppressing nonlinear effects, and the increase in numerical
aperture and mode purity respectively improves the transmission efficiency and stability of OAM communication.
These conclusions provide universal rules for high-quality communication in the future. © 2023 Optica Publishing
Group
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1. INTRODUCTION

With the rapid development of Internet technology, modern

the mode of multiple input and multiple output to increase
the amount of signals transmitted in each optical fiber which

communication has put forward increasingly high require-
ments for high-capacity and efficient information transmission.
Optical communication is a technology with light wave as the
carrier, which can convert other signals into optical semaphores
for information transmission [1,2]. Compared with traditional
communication methods, it has been widely used due to its
advantages such as long relay distance, strong anti-interference
ability, and low cost [3]. Optical fiber communication is a new
method of optical communication. By selecting the appropriate
multiplexing mode, the optical signal is coupled into the optical
fiber for transmission. There are many multiplexing methods
for signal coupling, such as frequency-division multiplexing
[4], time-division multiplexing [5], etc., but these multiplex-
ing methods cannot circumvent the Shannon limit [6] when
transmitting information in single-mode fibers [7-9]. The
mode-division multiplexing (MDM) [10] technology adopts
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can construct a multiplex system on the same spectral channel.
In addition, the orbital angular momentum (OAM) in vortex
light which has spiral phase wavefront exp(i/¢) is a natural
property of light [11-14], where ¢ is the azimuth angle, and / is
the topological charge that can be any integer between negative
infinity and positive infinity theoretically. For the reason that
the vortex light carrying different topological charges of OAM
are orthogonal to each other, OAM has an infinite number of
orthogonal bases and can be used for MDM, which has great
potential in optical communication. If these orthogonal bases
are used as independent channels for information transmission
by the MDM technology, the communication capacity of opti-
cal fibers can be improved greatly [15]. However, traditional
single-mode or multimode fibers cannot carry the propagation
of OAM modes because of uncontrollable dispersion and low
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refractive index difference between related eigenmodes, so a new
type of optical fibers must be selected to transmit them.

Photonic crystal fibers (PCFs) can freely adjust structural
parameters and provide more flexible design, which meet the
conditions required for OAM transmission. In recent years,
many PCFs with excellent performance have been proposed to
transmit OAM modes [16-21]. For example, Wan et a/l. [22]
have designed a PCF which can transmit 30 OAM modes and
proposed two methods to reduce dispersion and confinement
loss by improving the structure of the original PCE Zhang
et al. [23] have devised a ring PCF which can support stable
propagation of 30 OAM modes and analyzed the effects of pore
ovalization. The eigenmode has higher purity and lower cross
talk. Fu er al. [24] have utilized a simple PCF to explore the
influence of the shape, size, number, spacing, and other parame-
ters of the cladding pores on the dispersion and confinementloss
and optimize the properties.

The materials used in these structures are invariably SiO,
(n=1.444 when the wavelength is 1.55 pm) and high-
refractive-index rings of other materials are embedded in
the annular region. Although SiO; is cheap, it has limitations in
transmission performance. SiO; cannot meet the demand when
higher requirements are proposed. Embedding high-refractive-
index rings makes the structural design and actual production
complex and the available production process cannot achieve
precise manufacturing of it. Consequently, in order to improve
the efficiency and performance of optical fiber communication
and reduce the structural complexity, it is crucial to identify
more suitable materials for optical fibers. Fu et a/. [25] have
designed a circular PCF composed of inlaid amethyst to support
transmission of 118 OAM modes. Kolyadin et a/. [26] have
compared and analyzed the dispersion characteristics of the
hollow-core PCF and negative curvature hollow-core fibers and
added different blocks of SF11 glass to compress the pulses at the
fiber output to obtain anomalous dispersion.

This work chooses four new optical materials with high
refractive index that can be used for transmitting OAM modes
in PCE The finite element method is used to calculate the
effective index difference, dispersion, nonlinear coefficient,
mode purity, numerical aperture (NA), walk-off length, con-
finement loss, and other properties of OAM modes under these
four different cladding materials and SiO; at 1.55 pum using a
simple PCE The numerical simulated results indicate that when
high-refractive-index materials are used as cladding materials,
the transmission performance of PCF is significantly improved
compared to SiO;. Using charts to deeply analyze the impact of
different materials on various properties and summarize relevant
laws which can serve as a significant reference for design of PCF
and OAM mode performance optimization in the future.

In the second section, the paper describes the fundamental
theory of OAM modes transmitting in PCF in detail. Then five
different cladding materials, the structure of the designed PCEF,
and the optimization process are introduced. The production
method and process of PCF are also mentioned. In the third
section, the work discusses the impact of PCF under different
cladding materials on the OAM modes and summarizes the
relevant laws. The impact of changes in structural parameters on
transmission performance of the proposed PCF in production
is evaluated. Then, the paper provides a table that compares the
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OAM communication performance of the devised PCF with
other related reports.

2. FUNDAMENTAL THEORY AND PCF DESIGN

The mode in the optical fiber is a manifestation of spatial
electromagnetic field distribution [27]. There are four eigen-
vector modes—TE mode, TM mode, HE mode, and EH
mode—in the general circular symmetric fiber waveguide struc-
ture. The OAM mode is formed by linear superposition of the
odd and even modes of the eigenvector mode HE or EH with
the same order [28]. The transverse electric field distribution of
the eigenvector mode in the polar coordinate system is expressed

by Eq. (1) [29]:
HES = Fp,(r) - (x cos(l0) — 2 sin(/6))
HE{M  =F,.0)- (x sin(6) +)ic08(/9))
EHT ,, = Fiu(r) - (;c\ cos(6) + ¥ sin(/0))
A
EH = F),(r) - (¥sin(l0) — ¥ cos(160))

[—1,m

1

where F,,(r) is the radial field distribution of scalar LP mode
and 6 is the azimuth coordinate. Due to the complete degen-
eracy of the odd and even modes of the eigenmodes, they are
expressed as a set of linear combinations according to Eq. (2):

€t =HESS +iHEM = F,(r) 0 £ exp(+ilf)

¢ it = EHY HiEHY = F,(r) 0 £ exp(ilf)
2
Equation (3) represents the superposition process of OAM
modes. When the effective index difference is greater than
1 x 107# between HE and EH modes of the same order, the
OAM modes formed by vector mode superposition can stably
transmit in the PCE This is because HE and EH modes can
be well separated when the effective index difference is greater
than 1 x 1074, avoiding mode coupling. Inter-mode cross talk
is greatly suppressed, making OAM modes transmitting in the
PCF more stable. Mode coupling cannot be avoided when the
effective index difference is less than 1 x 1074, leading to the
degradation of the OAM mode to the LP mode, and the large
increase in inter-symbol interference is not conducive to signal
transmission [30]:

+ _ even . dd
OAM:tl,m =HE, + lHE?—‘rl,m’

OAMi/,m = lie{l,m + ZEH‘Z)EC},m’ (3)
where / is the topological charge which can be taken as an inte-
ger, m represents the radial mode order which is usually 1 for
reducing the difficulty of demultiplexing, “even” and “odd”
represent the even or odd mode, the subscript “+” represents
the spin state of the OAM mode, and “£” in front of / implies
the right or left wavefront rotation direction. Accordingly, the
number of OAM modes which are transmitted in the PCF can
be calculated as follows. When / = 1, the EH modes cannot be
synthesized into OAM and thus exist as two channels. If / > 2,
there are four independent information states in the PCF and
consequently, the total number of OAM modes which can be
transmitted in the PCFis/ x 4 + 2 [31].
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The OAM beam has a helical phase front exp(i/®) (P is
the azimuth angle). The OAM modes of different orders are
orthogonal to each other, which can be infinite modes in theory
[32]. When OAM is transmitted in the PCF as an information
carrier, the transmitted information is converted into an optical
signal at the transmitting end and modulated into the laser
beam emitted by the laser, so that the photon intensity changes
with the frequency of the optical signal transmitted in the PCF
based on the principle of total internal reflection. The receiving
terminal accepts the optical signal, converts it into an electrical
signal, and deciphers the transmitted information by demodu-
lation. The OAM modes superimposed by vector modes can be
stably transmitted in the PCF when the effective refractive index
difference is greater than 1 x 1074 [33-35].

At present, PCF produced by a variety of materials can
support transmission of OAM modes. The distinct refractive
index of these materials enables diverse performance of OAM
modes transmitted in the PCE In order to study the effects on
the supported OAM modes for materials with various effec-
tive refractive, we select five common glass materials for the
claddings in the PCE namely SiO;, amethyst, SSK2, SF11,
and LaSF09. When the wavelength is 1.55 pm, the refractive
index of these five materials increases gradually in the above
order, so that the influence on the performance of OAM modes
for cladding materials with different refractive indices can be
determined.

SiO; has been widely used in optical fibers for its good physi-
cal and chemical properties. It is possible to inlay amethyst
in SiO; because the melting point of amethyst [25] is higher
than that of SiO;. It not only improves the effective refractive
index difference between adjacent modes, but also improves
the number of OAM modes that can be stably transmitted.
The SSK2 [36] heavy crown glass is a common material used
to manufacture optical devices because the material dispersion
at 1.55 um is small. In addition, because its melting point is
lower, the difficulty encountered in the actual drawing process
of the PCF decreases. LaSF09 [20] is a lanthanum dense flint
optical glass which is an environmental protection substitute
for the traditional lead and arsenic containing glass. Its average
refractive index in the visible and near-infrared regions is higher
than that of common glass. The effective refractive indices of
SiO,, SSK2, SF11, and LaSF09 can be derived by the Sellmeier
equation [37] and the values of Ay, A3, A3, B, By, and Bs are
shown in Table 1:

A N2
22— B

Ax\?
22— B,

Asz?

) =1+ PR
]

(4)

The refractive index of amethyst depends on the single
Sellmeier equation [38]:
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where A =0.0065 and B =0.7359. In order to discuss the
effects of the cladding materials on the performance of OAM
optical fiber communication more appropriately, it is important
to choose the suitable optical fiber structure. OAM modes are
generally distributed in hollow structures with an annular region
and so we design a large air hole in the center of the PCF and a
circular area for OAM mode transmission. The air hole not only
determines the confinement loss of OAM mode propagation
in the PCE but also is a key factor to restrict light in the ring
region. As a result, the proper air hole arrangement is necessary
for stable transmission of OAM modes. In addition, to match
the structure of vortex rotation, the air holes should be arranged
as aring and the number of holes ought to be as large as possible
because photons can be better bound in the annular region to
minimize leaking to the cladding. Consequently, the layers and
number of air holes are important physical quantities that affect
the performance of OAM mode transmission.

Figure 1 shows the selected structure in which the center is
a large air hole with a radius of Ry optimized in the range of
4.5 um < Ry < 5.2 um. With increasing Ry, the number of
OAM modes increases gradually. However, when Ry > 5 pm,
the optical field of the OAM mode is distorted and when R
is less than 5 pum, the number of OAM modes transmitted in
the PCF decreases. Therefore, the obtained law does not have a
strong universal nature and so Ry is set to be 5 pum. The thick-
ness of the annular region (R; — Ry) is an important structural
parameter which affects dispersion of OAM modes. When
R; — Ry =2 pum, the OAM modes have the lowest and flat
waveguide dispersion and so R; =7 pum. The air holes with a
diameter & are distributed evenly outside the annular region
and the size of the air holes determines photon leakage into the
cladding. We optimize 4 in the range of 1.5-1.8 um. When
d = 1.6 um, the light field distribution of the OAM mode is the
most concentrated and leakage is the least. It should be noted
that when & < 1.6 um, the quantity of air holes on the first
level increases, which is not conducive to PCF production and
therefore, d is set to be 1.6 pm. The arrangement of air holes has
a significant impact on the confinement loss of OAM modes.
According to the optimization method, setting the air holes
with the same number and size of two layers and layer spacing
of 0.15 wm can minimize the loss of OAM modes. When the
cladding radius R, =10.4 pm, there is no high-order radial
mode in the PCE The perfect matching layer represented by
the green region can absorb all the radiation and provide the
ideal boundary conditions. In summary, we set Ry = 5.0 pum,
R =7.0um, Ry =10.4 um,2 = 0.15 um,and 4 = 1.6 um.

This structure can be manufactured by the solgel method
[39,40]. Under the action of catalyst, the material powder is

Table 1. Sellmeier Constants of SiO,, SSK2, SF11, and LaSF09

A, A A3 B, B, B;
SiO, 0.69616 0.4079426 0.897479 0.068404 0.1162414 9.896161
SSK2 1.4306027 0.153150554 1.01390904 0.00823982975 0.0333736841 106.870822
SF11 1.7384840 0.31116897 1.1749087 0.0136068604 0.061596046 121.922711
LaSF09 2.0002954 0.29892688 1.8069184 0.0121426017 0.061596046 121.922711
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Fig.1. Crosssection of the PCE

evenly mixed. It synthesizes a stable solgel system through the
hydrolysis condensation method, and gel is formed by cooling
and aging. The gel is dried to remove the solvent. Then, the
background material powder is made into fiber preforms under
gel heat treatment (900°C~1500°C), and then the fiber is drawn
through melt quenching,.

3. RESULTS AND DISCUSSION
A. Propagating Modes
The light field distribution reflects the performance of OAM

mode transmission as shown in Figs. 2(a)—2(j), which discloses
the light field distributions of some OAM modes transmitted by
the PCFs with different background materials in the Z direction
at 1.55 pm. The field distributions of all the eigenmodes are well
confined in the respective annular regions. The light field distri-
butions of the HE and EH modes are close to the cladding and
core, respectively, and it is the most direct method to distinguish
the HE and EH modes. The phase distributions of some OAM
modes are shown in Figs. 2(k)-2(o).

B. Effective Refractive Index

The effective refractive index of the optical fiber can be defined
as the average refractive index weighted by the light intensity
distribution [41]. The effective refractive indices of all the
HE modes and EH modes for different cladding materials at
1.55 um are presented in Figs. 3(a) and 3(b).

[ sio

L i)} BAl
Fig.2. (a)—(j) Optical field distributions of a part of the HE and EH
modes in the zz direction; (k)—(o) phase diagrams of the partial HE and
EH modes.
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Fig. 3.  Relationship between the effective refractive indices of
(a) HE and (b) EH modes and topological charge number.

Figure 3 shows that with increasing topological charge,
the effective refractive indices of the HE mode and EH mode
decrease at 1.55 pum, which is because higher-order modes are
more likely to leak into the cladding. The effective refractive
index of HE and EH modes is much higher than other materials
when the background material of the optical fiber is LaSF09,
and the maximum effective refractive index obtained is 1.78 at
HE, ;. The effective refractive index of HE mode synthesized is
greater than that of EH mode from the same order OAM mode,
which is another method to distinguish HE mode from EH
mode. The effective index difference of all the OAM modes for
each fiber cladding material is shown in Fig. 4. Obviously, all
of them are greater than 1 x 10™% and the maximum effective
refractive index differences of the five materials are 2.84 x 1073,
2.90 x 1073, 2.87 x 1073, 2.60 x 1072, and 2.71 x 1073,
all obtained in OAM2,1, respectively. This proves that mode
coupling in the PCF is quite low and all OAM modes can be
transmitted stably over a long distance. In addition, the reason
why the effective index difference is negatively correlated with
the topological charge is that increasing the topological charge
changes the OAM mode gradually into a high-order mode.
Moreover, the ability of the annular region to limit the photon
in the mode field is weakened, thereby making the photon
energy of the mode synthesized by the same order OAM mode
leak to the cladding, while the energy of the EH mode is almost
unchanged.
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C. Chromatic Dispersion

Dispersion is one of the parameters affecting transmission in
optical fibers. Optical pulse broadening is caused by different
velocities of different frequencies in the spectral components of
the light source in the PCF [42]. The total dispersion of PCF
is composed of materials dispersion and waveguide dispersion.
Waveguide dispersion is caused by different phase constants
and group velocities of a certain waveguide mode in the fiber at
different frequencies. The dispersion of materials is determined
by their own characteristics. The effective refractive index of
materials is related to frequency in PCE n = /i1, &, i, is the
relative permeability which is 1 among the five materials selected
in this work, and €, =¢,(w) is relative permittivity related
to wavelength and it is the main cause of material dispersion.
When calculating the effective refractive index, the influence of
material dispersion is already included; as a result, waveguide
dispersion dominates the total dispersion. The total dispersion

can be calculated by Eq. (6) [43]:

X d*Re(n,

¢ d\? ©)

where D,, and D,, are the materials and waveguide dispersion,
nef is the real part of the effective refractive index of the OAM
modes, and ¢ is the speed of light in vacuum medium. Table 2
shows the materials dispersion for the five cladding materials at
1.55 um.

Figures 5(a) and 5(b) show the dispersion of the HE and
EH modes, respectively. The dispersion of the OAM modes of
the five materials is positively related to the topological charge
number, because as the topological charge increases, the limiting
ability of the annular region on field strength weakens gradually,
and more photons diffuse into the cladding. The minimum

Table 2. Materials Dispersion of the Five Materials at
1.55 um

Material SiO, Amethyst SSK2
D, [ps/(nm-km)]  —313.91 —212.33 —321.79
Material SF11 LaSF09

D,,[ps/(nm-km)] —33.277 —772.08
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topological charge numbers.

dispersion of the OAM modes is 30.95 ps/(nm - km) at HE; ;
when the background material is SF11. The maximum disper-
sion is 202.73 ps/(nm - km) when the background material is
SiO;. This is because the propagation frequency is the largest
when photons are transmitted in the PCF with SiO; as the
cladding material, resulting in the highest optical pulse broad-
ening. Consequently, photons limited in the annular region are
the leastand dispersion is the largest.

D. Effective Mode Area and Nonlinear Coefficient

The effective mode area represents the concentration of photon
energy, and a larger mode field area improves the stability of
OAM mode transmission in optical fibers [20]. The nonlinear
effect in optical fiber is caused by the change of refractive index
of the medium with light intensity, inelastic scattering, and
power dependence of refractive index, including self-phase
modulation, cross-phase modulation, and four-wave mixing.
The nonlinear polarization of the medium under the action of
strong light will cause nonlinear effects, which will make the
parameters of the fiber change nonlinearly and have a negative
impact on the OAM modes [44]. The nonlinear coefficient is a
physical quantity to measure the nonlinear effectand is inversely
proportional to the effective mode area. The larger the effective
mode field area, the smaller the nonlinear coefficient, the higher
the communication efficiency of the optical fiber, and the better
the transmission characteristics of OAM modes. The effective
mode area and corresponding nonlinear coefficient can be
obtained from Egs. (7) and (8) [29]:

(/[ 1ECx, y)Pdxdy)’

A= . (7)
ff |E(x,y)|4dxd)/
2JT712
y - )\,Aeﬂ“, (8)

where E(x, y) is the electric field distribution and 7, is the
nonlinear refractive index of the five cladding materials. 7, can

be obtained as [45]

K(ng—1) (n2+2)°
ny = O =) (g +2) -10713, 9)

vd[1.517+ ’

(A2 g+ 2
6ny Vd

where K isan empirical factor whichis 9 x 107, z, is the linear
refractive index, and v, is the Abbe number. 72, and v, of the five
cladding materials can be found in [46]. Table 3 shows the non-
linear refractive indices of the five materials.
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Table 3. Nonlinear Refractive Indices of the Five
Materials

Material SiO, Amethyst SSK2
23 23x 1072 2.6 x 1072 1.7 x 10720
Material SF11 LaSF09

7 1.68 x 10720 2.0 x 10720

650 F—a—si0, —sio,
625 g\sm;;hyﬂ 600 - —e— Amethyst
< ——SSK2

E 600 F—— LasF09

SF11 & [ ——LasFog

SF11

@

n n n
1 2 3 4 5 6 7
Topological charge number of HE modes

(b)

1 2 3 4 5
Topological charge number of EH modes

—=—Sio, “T —=—si0,
—e— Amethyst
—4—SSK2
—v— LaSF09

L £ 20}
—v—LaSF09 |1
L 219} SF11
: sFn |$Y
L 18
§ r E17F
T
r Si6f
~r S15F
z : [
wf@ . =] @

1 2 3 4 5
Topological charge number of EH modes

—e— Amethyst |~
——SSK2 <

1 2 3 4 5 6 7
Topological charge number of HE modes

Fig.6. Effective mode areas of (a) HE and (b) EH modes; nonlinear
coefficients of (c) HE and (d) EH modes.

Figures 6(a)-6(d) describe the effective mode field areas
and nonlinear coefficients of the OAM modes with different
topological charge numbers for the five materials. Figures 6(a)
and 6(b) reveal that with increasing number of OAM modes,
more photons leak into the cladding and the effective mode area
is thus proportional to the number of topological charges. In
addition, the OAM modes show the smallest effective mode
area (42.78 um?) as the cladding is made of LaSF09. When
the background material is SiO,, the effective mode area of the
HE and EH modes is the largest, and the maximum value is
65.23 um? at HE; ;. This is because LaSF09 has the highest
effective refractive index, strongest light limiting ability in the
fiber energy concentration area, and lowest number of photons
diffusing into the cladding. Figures 6(c) and 6(d) show that the
nonlinear coefficients are negative feedback to the topological
charge. Moreover, the nonlinear coefficients of eigenmodes
transmitted in the PCF with SSK2 and LaSF09 background
materials are lower than those of other background materials
in PCE which means that these two materials perform well in
suppressing the nonlinearity effect.

E. Numerical Aperture

The NA is an important dimensionless physical quantity in
optical fiber transmission reflecting the level of photons received
by the end of the optical fiber and playing a key role in the
coupling efficiency between the optical fiber and light source
[47]. The NA is related to the refractive index of the core and
relative index difference between the core and cladding. It can be
computed by the following expression [48]:
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%).

(10)

T Aeff (7

NA = (1 + e )
Figures 7(a) and 7(b) indicate that the NA decreases with
increasing topological charge, for the reason that when the
number of OAM modes increases, it becomes more difficult for
the fiber to receive photons and photons leak into the cladding
more frequently. The NA of the EH modes is the largest if the
cladding is made of LaSF09 and it is 0.133 when / = 1. This is
because the refractive index of the fiber core is the largest and
the optical fiber shows the best effects of receiving photons. The
minimum NA was obtained at EHs ; when the background
material of the PCF was SiO;, which is 0.071. From the perspec-
tive of increasing the optical power entering the fiber, it is most
advantageous for fiber docking when the background material
of the PCF is LaSF09. However, when the NA value is too large,
the mode distortion of the fiber also increases, which will affect

the bandwidth of the fiber.

F. OAM Purity

OAM purity is a momentous parameter to be considered when
the PCF is used for optical communication because only the
modes with high purity can propagate stably in the fiber and it
reduces the difficulty of demultiplexing the optical fiber at the
output end. In addition, high mode purity reduces confinement
loss and increases signal propagation distance. The mode purity
is defined by the following formula [28]:

[r _ ffring |E|2dxdy
[C - f-/;:ross-section |E|2dxd}/ ’

where 7, is the average light intensity of the annular region
containing all the OAM modes and 7, is the average light inten-
sity of the cross-sectional region in the PCE Figures 8(a) and
8(b) show that the mode purity is inversely proportional to the
topological charge of the HE mode and directly proportional
to the topological charge of the EH mode. This is because the
HE mode is closer to the cladding, more photons leak into the
cladding as the mode order increases, while the EH mode is
closer to the core, and the annular region has a stronger restric-
tion on photons. Obviously, OAM purity of all eigenmodes
is higher than that of other background materials as the back-
ground material of PCF is made of LaSF09, with a maximum
value = 0.98 at HE, ;. It indicates that the OAM mode has
the highest transmission stability when LaSF09 is used as the
cladding material. OAM mode purity is lowest with SiO; as the

(11)
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Fig.8. OAM purity of the (a) HE and (b) EH modes.

background material; the minimum value is 0.95 (EH; ;). This
represents that LaSF09 has better potential for long-distance
stable transmission than SiO;.

G. Confinement Loss

The confinement loss has a great impact on the overall loss [29]
and is a unique loss of photonic crystal fibers due to their own
structure. Due to the unique structure of PCE the limiting
ability of air holes with different sizes and arrangements to
light intensity is distinct, and the air holes in the cladding are
restricted. When OAM modes transmit in PCE some field
strength will leak into the cladding from the annular region,
resulting in losses. The extent of confinement loss is related
to the structural parameters of PCF and wavelength and is an
important parameter for measuring the performance of PCE
It can be obtained from the imaginary part of the effective
refractive index by Eq. (12) [49]:

2 20
= b4

= 6
=5 (10) 10°Im(7.¢), (12)

where Im(7.) is the imaginary part of the effective refractive
index and X is the wavelength. Figures 9(a) and 9(b) show
that the confinement loss increases gradually with increasing
topological charge, because the ability of a light field to control
photon energy is negatively correlated with the order of the
OAM mode in optical transmission. The minimum confine-
ment loss for all eigenmodes is 9.98 x 107° (dB/m) when the
background material is LaSF09. In addition, the confinement
loss of SiO; is much greater than that of the other materials
because photons tend to transmit in the medium with a large
refractive index. SiO, has the smallest effective refractive index
among the five materials, and photons have a greater tendency to
move in the high-refractive-index media resulting in the largest
number of photons leaking into the cladding. This indicates

0050 f —asj0,

1
—=—SiO0
0045 —e— Amethyst 2;2 e Am(zethyst
= 0,040 F —— SSK2 = e SSK2
0035 | —— LaSF09 3 OB | aSF09
0030 |+ SF11 5 0 [ ——sF11
|2 0.06 -

2 3 4
Topological charge number of EH modes

Fig. 9. DPatterns of confinement loss of (a) HE and (b) EH modes
with changing topological charge numbers.

2 3 4 5 6 7
Topological charge number of HE modes

that the PCF background material of LaSF09 is more suitable
for stable transmission over long distances in optical fiber.

H. Walk-Off Length

When the fast and slow OAM modes generate a certain distance
in transmission, the interaction between the two modes will
no longer occur [50]. Once the distance between odd and even
modes for composing the OAM mode with the identical order is
too large, the OAM mode will not be synthesized thus resulting
in spatial walk-off. A 10 ps walk-off length is a physical quan-
tity to describe the degree of walk-off effect and it is inversely
proportional to modal birefringence, as shown by Eq. (13) [31]:

¢ x10ps 3x107°
LlO ps = even odd = even odd (Wl), (13)
off T et Reff — Peff

where L9, and ¢ are the 10 ps walk-off length and speed of
light, respectively, and 7, and n<, represent the effective
refractive indices of the even and odd modes. Figures 10(a) and

10(b) describe the 10 ps walk-off length of the HE and EH
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modes for the five materials. It should be noted that the walk-
off length does not change regularly with topological charge.
The walk-off length of the EH modes increases gradually with
increasing topological charge up to /=4 and then decreases
when /= 5. For the HE modes, the walk-off length reaches a
peak compared with other topological charges when the topo-
logical charge is 6. The maximum valueis 1.68 x 104 m (HE, ;)
when the cladding is composed of SiO,, which expresses that the
mode can stably transmit the farthest distance in optical fibers. It
is very conducive to long-distance signal transmission.

I. Evaluation of Structure Parameter Deviation
from Design

In manufacturing, the structure parameters of PCF inevitably
result in partly error compared to the designed parameters.
Therefore, this paper evaluates the deviation of each parameter
of the proposed PCF from design. During transmission, con-
finement loss is the decisive factor determining the transmission
distance and characteristics of OAM modes in PCE Therefore,
the impact of structure parameter deviation generated in
actual production of PCF on transmission performance can
be researched based on confinement loss. Figures 11(a)—11(e)
describe the influence of tiny changes in the radius of the central
air hole, the thickness of the annular area, the diameters of two
layers of air holes in the annular region, and the spacing of air
holes on confinement losses in production.

Figure 11(e) depicts that the confinement loss remains almost
unchanged with the variation of space of air holes, indicating
that fabrication error of air holes has little effect on confinement
loss. Although changes in other structure parameters have influ-
ence on confinement losses, the amount of variation is very tiny.
Its maximum variation is 3.66 x 10~4 dB/m, obtained when
the radius of the central air hole changes at EHs ;. Therefore,
Figs. 11(a)—1(e) demonstrate that the devised PCF has excellent
tolerance and is suitable for production.

J. Comparison of OAM Communication
Performances in the Literature

The performance comparison of dispersion, effective mode
area, nonlinear coefficient, numerical aperture, and mode purity
shown in Table 4 indicates that the proposed PCF hasssignificant
advantages in terms of dispersion, effective mode field area, and
nonlinear coefficient after replacing the background material.
In addition, although the numerical aperture and mode purity
are relatively low compared to [23,51], they still have excellent
OAM transmission characteristics within the allowable range.
Consequently, the new optical fiber material exploited in this
work can effectively improve the performance of OAM modes,
providing a theoretical basis for high quality and efficient
transmission of OAM modes in PCF in the future.

4. CONCLUSION

By adopting a simple PCF structure that supports OAM modes,
we study the effects of the effective refractive index, nonlinear
coefficient, OAM purity, walk-off length, and other parameters
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Table 4. Comparison in OAM Communication Performances with Other Reports

Refs. Dispersion/ps/(nn-km) Effective Mode Area/(um?) Nonlinear Coefficient/(W~!-km™') Numerical Aperture OAM Purity
[51] 33.28 26.24 — 0.28 —

[23] 52.37 48.43 2.18 — 0.99

[3] 73.43 26.93 3.98 — —

[52] 73.58 50.54 2.08 — —
This work 30.95 65.23 1.11 0.13 0.98

on transmission of OAM modes for claddings made of five
different materials of SiO,, amethyst, SSK2, SF11, and LaSF09.
Numerical analysis indicates that materials with a larger effective
refractive index not only reduce dispersion and confinement loss
of the OAM modes and make the transmission distance longer,
but also increase the effective mode area and OAM purity to
enhance the transmission stability of OAM modes. The results
provide guidance to realize high-quality communication.
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