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A multi-ring core photonic crystal fiber (PCF) with seven high-index ring regions is designed for the transmission
of multiple orbital angular momentum (OAM) modes. The new structure which has an optimized air hole arrange-
ment shows improved transmission quantity and number of OAM modes. Numerical analysis reveals that the PCF
can transmit 518 OAM modes in the range of 1.4-1.75 pm stably while avoiding cross talk from the adjacent ring
core resulting in a low cross talk of merely —208.5 dB, confinement loss less than 10~° dB/m, as well as mode qual-
ity greater than 0.925. The results disclose a new method to increase the communication capacity and suggest that
the PCF has great application potential. ~© 2023 Optica Publishing Group
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1. INTRODUCTION

With the rapid development of information technology, the
large amount of data required by big data, cloud computing,
and other application requires a higher optical fiber communi-
cation capacity. The space-division multiplexing technology
is an effective method to enhance the transmission capacity
of optical fibers [1-3] and consequently, multi-core fiber and
mode-division multiplexing technologies have become research
hotspots. The multi-core fiber refers to adding a multiple fiber
core to a single fiber to achieve space-division multiplexing,
while mode-division multiplexing can be attained by few-mode
optical fibers. Recently, orbital angular momentum (OAM)
multiplexing techniques have provided a new solution to
expand the communication capacity. OAM is characterized by
a helical phase front that twists around the axis of propagation
[4—6]. Owing to the discrete helical phase, the OAM eigenstates
are infinite and orthogonal to each other, so that each OAM
mode can be used as an independent channel to improve the
transmission capacity and realize infinite orthogonal chan-
nels theoretically. However, OAM beams are formed by linear
superposition of four vector eigenmodes of the same order and
therefore, the effective refractive index difference between the
eigenmodes is required to be greater than 1 x 1074, other-
wise it will degenerate into linear polarization modes during
transmission. Hence, the traditional single-mode fiber cannot
support the stable transmission of OAM modes [7-9]. In order
to accomplish simultaneous transmission of multiple OAM
modes, it is necessary to design a fiber to meet the transmission
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requirements. At present, the vortex fiber [10], ring core fiber
[11], and ring-like core fiber [12] have been demonstrated to
transmit OAM modes, but the supported OAM mode number
is limited due to the restriction of the fiber structure.

Recently, the photonic crystal fiber (PCF) has been
adopted to design OAM mode transmission fibers. PCF
boasts advantages such as the flexible structure design,
nonlinearity
[13,14] and can achieve low-loss transmission of multi-

low transmission loss, and controllable
ple OAM modes with high mode quality. For example, Yue
et al. have designed a PCF structure composed of As, S5 that can
transmit two OAM modes simultaneously [15] and Tian ez 4/.
have proposed an orbital angular momentum photonic crystal
fiber made of silica consisting of a large air hole in the center
and four layers air holes in the cladding area. By optimizing
the arrangement of air holes, the number of OAM modes can
be increased [10]. Bai ez al. have proposed a PCF with square
pores that can support 58 OAM modes with a confinement loss
(CL) of less than 107 dB/m [17], and Lei e 4. have designed
a semi-circular air hole PCF that can transmit 66 OAM modes
with a confinement loss of less than 1072 dB/m and nonlinear
coefficient of less than 4 W' km™' [18]. Zhang et al. have
used a high refractive index ring core to achieve 110 OAM
modes transmission and observed that the number of transmit-
ted OAM modes can be increased by increasing the refractive
index difference between the layered core and cladding [19].
Phosphate glass, SF,, SSK;, GeO,, Schott SFg, and other high
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refractive index materials have been used as the ring core mate-
rials [20—23]. It has been shown that the effective method to
increase the number of OAM modes is to increase the effective
refractive index difference between the eigenmodes. In order to
achieve the goal, the feasible way is to increase the filling ratio of
the air holes by optimizing the air hole distribution or to directly
use ring core materials with a high refractive index. In our pre-
vious research, we increased the number of OAM modes with a
special PCF structure and demonstrated that multi-core fibers
could support multiple OAM modes [24-30]. At the same time,
Wang et al. [31] and Han et al. [32] have designed double-layer
concentric ring core and three-layer concentric ring core PCF
structures to further increase the number of OAM modes. Chen
etal. have also proposed a 19 ring core optical fiber made of SiO,
but because of the limitations of the conventional optical fiber
structures, each ring core can only transmit 34 OAM modes at
the wavelength of 60 nm.

Herein, a multi-core PCF consisting of seven ring cores is
designed based on the three-layer hexagonal structure. The high
refractive index ring core is introduced into the second layer
and central air hole. The OAM transmission characteristics are
studied by the full vector finite element method. The results
show that the PCF can transmit 518 OAM modes stably in the
wavelength range of 1.4-1.75 pm with low confinement loss,
large mode field area, and low cross talk of adjacent cores of
—202.5 dB. The structure has large potential in high-capacity
optical fiber communication.

2. THEORY

The OAM modes are the linear superposition of the odd mode
and even mode of the same order vector modes, HE mode and
EH mode, in the fiber. When the effective refractive index dif-
ference between the vector modes is greater than 104, the same
order vector modes can form the OAM mode. The relationship
is as follows [33]:

OAMil,m = HE?f{l,m + ]HE?-?-CIl,m’ (1)
OAMI, , =EH{'( , £ jEH} (2

where / is the topological charge and 7 represents the radial
mode order. The circular polarization of the OAM mode may
be right or left, as indicated by the “+” superscript, and “even”
and “odd” represent the even mode and odd mode of the corre-
sponding eigenmode. The number of OAM modes supported
by the optical fiber can be calculated by Egs. (2) and (3). There
are two OAM modes for / = 1 and four OAM modes for/ > 2.
Clearly, the transmission characteristics of the OAM modes
depend on the corresponding eigenmodes.

The isolation parameter is an important factor for the multi-
core fiber [34]. It is defined as the power cross talk of multi-core
fiber and measures the fraction of the total energy leaking out
into the ring core region. The isolation parameter is calculated as

follows [35]:

fﬁing(Ex]:G, — E, H)dxdy

ISO = ’
ff;o(al(Ex]{}/ - Ey Hx)dxdy

(3)
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where E,, E, and H,, H, are the electric and magnetic field
components of the corresponding modes.

The mode purity (1) plays an important role in OAM mode
transmission and demultiplexing. A higher mode purity ensures
stable transmission of OAM modes in the optical fiber as

expressed below [36,37]:

—
I ffrin | E|dxdy
n=—- £ 4)

— — — ’
[f ffWholefsection |E| dxd_)’

where E is the electric field intensity, and 7, and /. represent the
average intensity of the ring core and the whole section of the
structure, respectively.

The CL is another critical parameter that describes the loss
of the optical field energy during transmission and determines

the transmission distance. In the multi-core PCE the CL is
related to the structural parameters and can be calculated using
the imaginary part of the effective refractive index as follows

[38,39]:

CL= ZTJT %Im(neff), (5)
where Im(#n.f) represents the imaginary part of the effective
refractive index and X is the wavelength.

Nonlinear effects in optical fibers can cause additional loss
in the transmitted signal thus affecting the quality of mode
transmission. The nonlinear effects may result in cross talk and
decrease the signal-to-noise ratio. The nonlinear effect of the
optical fiber is usually evaluated using the nonlinear coefficient
asshown in the following [40]:

27[712

- )\.Aeﬂ?’ (6)

14

where 7, refers to the nonlinear refractive index of
the high refractive index ring GeO, and has a value of
2.783 x 10720 m? w™! [41]. A is the effective mode area
defined as follows [42]:

2 2
st UT1EGe 7)Pdedy) @)
S 1E e, )l dxdy

where E(x, y) is the electric field intensity distribution. The
effective mode field area is inversely proportional to the nonlin-
ear coefficient and therefore, a large mode field area suppresses
the nonlinear effect of the fiber.

3. FIBER STRUCTURE AND OPTIMIZATION

The cross section of the multi-core PCF is depicted in Fig. 1. It
has a hexagonal structure with three layers of air holes. The high
refractive index ring core composed of GeOj is introduced into
the second layer and central air holes to form a PCF with seven
ring cores. The refractive index of the GeO, [Eq. (8)] and SiO,
[Eq. (9)] can be derived from the Sellmeier equation, as follows

[43,44]:
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Fig.1. Crosssection of the designed seven-core PCFE.

Table 1.  Structural Parameters of the Multi-core PCF
Symbol R t r d A
Value (11m) 62 25 75 BA—2r—2t 24r

5 0.80686642A>
(k) =1+

0.71815848A%

0.6961663A> 0.40794261>

20 =1
) =t 00467914826 T 32— 0.135120631

0.8974794A2

A2 —97.9340025°
(9)

The radius of the PCF and air holes are R and 7, respec-
tively. The thickness of the ring core is z, the spacing between
adjacent air holes is A. The outer ring spacing of the adjacent
ring core is 4. The OAM modes can propagate simultaneously
in the seven high refractive index ring cores with improved
efficiency.

In order to maximize the number of supported OAM modes
and minimum inter-core cross talk, the ring core thickness ¢,
air hole radius 7, and spacing A are optimized successively. The
optimal parameters are listed in Table 1. Figure 2 shows the elec-
tric field diagrams of several typical modes in the #1 ring core,
including HE3’1, EHI,I: HEH’], EHgyl, HE22’1, and EHZO,I-
All the intrinsic modes are restricted in the ring core with good
modal quality. On account of the symmetry of the PCEF, the cross
talk of #1 and #7 ring cores is analyzed as an example. Figure 3
shows the derived OAM mode number and inter-core cross
talk X' 7,,, at 1.55 pm. The number of supported OAM modes
increases with the ring core thickness and the maximum is
obtained at# = 2.5 pm, as shown in Fig. 3(a). Each ring core can
transmit 74 OAM modes and the total number of OAM modes
is 518. However, the inter-core cross talk increases with the ring

0.8541683112
8)

22 — 0.0689726062

2 —0.15396605>

22— 11.84193%

Fig.2. Electric field intensity distributions of the typical vector eigenmodes in the #1 ring core.
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core thickness because increasing # will decrease the distance o
of the adjacent rings. For # equal to 2.5 pm, the maximum cross
talk is still low at —194 dB which can be ignored. Therefore
t=2.5um is chosen to be the optimal value. Similarly, the
radius 7 of the air holes is optimized as shown in Fig. 3(b). For
r =7.5 umand 7.6 pum the PCF supports the maximum OAM
modes with lower cross talk. In order to control the distance of
the air holes, » = 7.5 um is determined as the optimal value.
The distance A of the adjacent air holes is then optimized.
As shown in Fig. 3(c), when A is changed from » * 2.38 to
r * 2.42, it has little influence on the number of OAM modes

and cross talk. It shows that the structure has good robustness
and A =7 * 2.40ischosen as the optimal size.

4. RESULTS AND DISCUSSION

A. Effective Refractive Index and Refractive Index
Difference

The effective refractive index of the HE mode and EH mode is
shown in Figs. 4(a) and 4(b). In the wavelength range of 1.4
1.75 um the effective refractive index decreases with increasing
wavelength. The variation of the lower-order mode is relatively
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Fig.4. Effective refractive indices of #1 ring core: (a) HE; ; modes, (b) EH; ; modes, and (c) effective refractive index difference.
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flat and the effective refractive index of the higher-order mode is
larger than that of lower-order modes.

The effective refractive index difference (A ,,.¢) of the HE and
EH modes constituting the OAM modes is shown in Fig. 4(c).
All the effective refractive index differences are greater than
10~ in the range of 1.4-1.75 pum and increase gradually with
increasing wavelength. At 1.55 pm, the effective refractive index
difference of the HE; ; mode and EH;; mode is 2.9 x 1073,
A larger effective refractive index difference can prevent the EH
and HE modes from degenerating into the linear polarization
mode to ensure the transmission quality.

B. Isolation Parameter

The isolation parameters of the typical eigenmodes of the #1
ring cores are calculated by Eq. (3) and the power cross talk
values OfthC HEL], EHl,l, HEH,l, EHg’l, HE22’1, and EHZO,I
modes are presented in Fig. 5. The isolation parameter of the
above eigenmodes increases with wavelength, and the power
cross talk of lower-order modes is as high as 208.5 dB in the
range of 1.4-1.75 um. The power cross talk of the high-order
mode is larger with a changing range such as the EHj ; mode
of 55-141 dB. It is because high-order modes exhibit relatively
larger propagation characteristics and stronger coupling to the
waveguide core within optical fibers or waveguides, making
them more challenging to separate and maintain isolation in
multi-mode optical fibers or waveguides.

C. Mode Purity

The mode purity of the supported eigenmodes is calculated
by Eq. (4) and the results are shown in Fig. 6. The mode purity
decreases with wavelength because the longer wavelength mode
can easily leak from the ring core to the cladding. Meanwhile,
the mode purity of all the eigenmodes is greater than 92.5% in
the range of 1.4-1.75 um and mostly concentrated between
96% and 98% with the highest value of 98.34% for the HE, ;
mode. A higher mode purity improves the transmission stability

boding well for OAM mode encoding and multiplexing.
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Fig.6. Mode purity of the eigenmodes in the #1 ring core.

D. Confinement Loss

The confinement loss of the supported eigenmodes is cal-
culated by Eq. (5) and the results are shown in Fig. 7. In the
wavelength range of 1.4-1.75 pm, the confinement loss of the
supported eigenmodes is as low as 1072 dB/m — 10~ dB/m,
which is better than previous results [31,32] and also meets the
requirement for long-distance transmission of OAM modes.

E. Nonlinear Coefficient and Effective Mode Field
Area

The effective mode field area of the eigenmode is calculated by
Eq. (7). In the wavelength range of 1.4—1.75 pm the effective
mode field area of most eigenmodes is 100—118 pm?, as shown
in Fig. 8(a). At 1.55 pm, the maximum effective mode field area
is 118.68 um?. A larger mode field area reduces the nonlinear
effect and improves the signal-to-noise ratio of the system. The
nonlinear coefficient of the transmission eigenmode is calcu-
lated by Eq. (6) as shown in Fig. 8(b). Obviously, the nonlinear
coefhicient decreases with increasing wavelength. The nonlinear
coefficients of all the eigenmodes of the multi-core PCF are less
than 1.20 W~ - km ™. In particular, the nonlinear coefficient
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Fig. 7.  Confinement loss of the supported eigenmodes in the #1
ring core fiber.
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Table 2. Comparison of the Properties of the Proposed PCF and Previously Reported PCFs
Operating Band Supported OAM Confinement Nonlinearity Coefficient
References (nm) Modes OAM Purity LossdB - m™! W1 km™
[23] 1400-1700 56 + 4lp 0.8 491 x 1078 —
[31] 1520-1580 30450 — <1078 <2.65
[32] 1500-2000 464+ 62+74 0.91-0.98 107121078 0.22-1.04
1520-1580 36 x 19 — — —
This work 1400-1750 74 x 7 0.92-0.98 10712 —-107° 0.82-1.2

of the TMy,; mode is only 0.82 W' - km™" at 1.55 um and
those of the higher-order modes are less than those of the lower-
order modes. The nonlinear coefficient of most eigenmodes
is less than 1.05W~"' - km™" at 1.55 pum indicating excellent
performance.

Finally, the comparison of the properties of the proposed
structure and those reported multi-core PCFs recently is
shown in Table 2. The proposed ring core PCF can transmit
more OAM modes in single ring core and can support 518
OAM modes transmission with lower confinement loss and
high purity in a wider wavelength range. The comprehensive
performance is superior to the previously reported PCFs.

5. CONCLUSION

A new large-capacity multi-core PCF is designed for transmis-
sion of multiple OAM modes and analyzed by the finite element
method. The PCF supports the transmission of 518 OAM
modes in the wavelength range of 1.4-1.75 pm. Meanwhile,
the supported eigenmodes exhibit high mode purity and low
nonlinear coefficients as exemplified by low confinement losses
of 10712 — 1077 dB/m. The multi-core PCF has great potential

in optical fiber communication.
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