
Vol.:(0123456789)1 3

Applied Physics B (2022) 128:38 
https://doi.org/10.1007/s00340-022-07761-7

A design of dual guided modes ring‑based photonic crystal fiber 
supporting 170 + 62 OAM modes with large effective mode field area

Manxing Yang1   · Weici Liu2 · Yongkang Song1 · Jianan Wang1 · Zhongchao Wei1 · Hongyun Meng1 · 
Hongzhan Liu1 · Zhenming Huang1 · Liujing Xiang1 · Haoxian Li1 · Faqiang Wang1

Received: 15 July 2021 / Accepted: 13 January 2022 / Published online: 4 February 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
In this paper, a dual guided modes ring-based photonic crystal fiber (PCF) is designed in which two channels occupying dif-
ferent spatial positions are independent of each other and support up to 170 + 62 orbital angular momentum (OAM) modes 
in the dual guided modes regions. The designed PCF consists of a large central air hole, two high refractive index rings 
based on Schott glass (BAK1) and cladding. The characteristics of the designed PCF are analyzed by finite element method 
(FEM). The results show that the proposed PCF has a sufficiently large effective refractive index difference, relatively flat 
dispersion, large effective mode field area and low nonlinear effects with the wavelength range from 1.45 to 1.75 μm. The 
energy of the light field is mainly confined to two high refractive index rings with good isolation parameters. The values of 
most OAM modes purity in dual guided modes regions are greater than 0.9 and the mode quality of all eigenmodes is higher 
than 0.93 without phase distortion over the azimuth angle. Moreover, the confinement loss of all eigenmodes are below 
1.4 × 10–8 dB m−1 where the lowest value is 1.56 × 10–12 dB m−1 at λ = 1.55 μm for HE13,1 mode. The proposed PCF has a 
large effective mode field area, up to 316.99 μm2. The nonlinear coefficient of HE and EH modes are less than 0.55 km−1 W−1 
in the outer ring and less than 1.5 km−1 W−1 in the inner ring. In conclusion, the dual guided modes ring-based photonic 
crystal fiber has potential applications in large capacity data transmission in optical communications.

1  Introduction

With the rapid development of communications technol-
ogy in big data era, optical fiber communication system 
has realized frequency, amplitude, phase, polarization, and 
other related multiplexing technologies. However, subject to 
nonlinear effects, the transmission capacity of conventional 
single-mode fiber is limited by its gradual approach to the 
Shannon limit [1]. Space division multiplexing (SDM) tech-
nology can realize the multicore fiber (MCF) or multimode 
fiber (MMF) multichannel by utilizing the spatial freedom 

of fiber, which improves the capacity requirements of the 
optical communication system [2]. Mode division multi-
plexing (MDM) is one way to achieve SDM by transmitting 
different information through different modes in MMF or 
few-mode fibers [3]. Orbital angular momentum (OAM) is 
a new degree of freedom except for light intensity, phase, 
frequency and polarization, and is composed of the even 
and odd modes of the same vector modes [4–6]. The OAM 
modes and their multiplexing methods are considered an 
alternative to improve the efficiency and capacity of opti-
cal communication. The use of OAM optical fiber to trans-
mit OAM modes is one of the primary implementations 
of MDM technology. The vortex beam has orbital angular 
momentum and the phase of the light wave is helical around 
the singularity along the direction of propagation which 
can be expressed by exp(ilφ), where φ is the azimuthal 
angle and l is the topological charge number. The orbital 
angular momentum modes of different topological charges 
are orthogonal to each other. Due to the orthogonality of 
OAM modes, the multichannel signals can be modulated to 
OAM modes with different topological charges, and then the 
channels can be distinguished by the number of topological 
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charges. These properties make vortex beam widely used in 
the fields of optical communications [7–9], quantum tech-
nology [10, 11], optical manipulation [12, 13] and so on.

To apply OAM multiplexing technology in optical fiber 
communication field, it is necessary to design an optical 
fiber structure suitable for OAM modes transmission with 
good transmission characteristics. In 2012, Martin et al. [14] 
designed a structure of vortex fiber and proved the feasi-
bility of OAM mode transmission in fiber by experiment. 
Wang et al. [15] designed and studied a basic structure of 
ring optical fiber to transmit OAM modes. Photonic crys-
tal fiber (PCF) has the characteristics of high nonlinearity, 
endless single-mode guiding, high birefringence and low 
confinement loss by adjusting its optical properties through 
flexible design of geometric configurations and background 
materials [16–24]. It is possible to design the structure of 
PCF to support OAM modes transmission. In 2012, Yang 
et al. [25] proposed a ring PCF with a high nonlinear coef-
ficient to transmit 2 OAM modes. In 2016, Zhang et al. [26] 
proposed a circular PCF that supports high mode quality of 
OAM modes. Zhou et al. [27] proposed a novel microstruc-
ture fiber with annular core for transmitting OAM modes. In 
2019, Tandjè et al. [28] used the stack-and-draw approach 
to fabricate a ring-core PCF that supports up to four OAM 
mode groups. Moreover, Kabir et al. [29] designed a cir-
cular ring-based PCF doping with Schott Sulfur difluoride 
(SF2) glass in the annular region, supporting 48 OAM modes 
with a range of 0.20–0.55 THz. In 2020, Hassan et al. [30] 
proposed a hollow circular PCF to support 38 OAM modes 
within 1000 nm bandwidth. Moreover, Kabir et al. [31] 
designed two novel PCFs with well Bezier polygon air holes, 
which are characterized by low confinement loss and flat 
dispersion variation.

Effective optical fiber structure design strategy can make 
the optical fiber support more OAM modes transmission 
in the optical fiber and ensure the stability of OAM modes 
transmission. In 2018, Zhang et al. [32] presented a circu-
lar PCF with a high refractive index germanosilicate circu-
lar ring core to support 110 OAM modes over the 110 nm 
bandwidth from 1.52 to 1.62 µm. In 2019, Hong et al. [33] 
proposed an all-silica hollow PCF that can carry 101 OAM 
modes and the proposed PCF is characterized by high mode 
quality and low crosstalk. Huang et al. [34] designed a 
microstructure ring fiber with a high refractive index ring 
to support 146 OAM modes at 1.1 µm. There are also many 
studies on the modes transmission in dual guided channel 
regions, usually one channel transmits OAM modes and the 
other channel transmits linear polarization (LP) modes. In 
2013, Bozinovic et al. [35] designed the scroll fiber with LP 
modes and OAM modes transmitted in different regions. 
In 2018, Xu et al. [36] designed a microstructure PCF with 
a dual guided modes regions, supporting 30 OAM modes 
and 2 LP modes. In 2020, Wang et  al. [37] designed a 

microstructure PCF consisting of two low refractive index 
rings of Schott glasses, supporting 56 OAM modes and 4 LP 
modes. Al-Zahrani et al. [38] proposed a ring-core PCF with 
Schott sulfur difluoride (SF2) glass as the ring regions mate-
rial, supporting 76 OAM modes and 6 LP modes. In 2020, 
Wang et al. [39] designed a nested PCF with two guided 
modes regions supporting 30 + 50 OAM modes.

In this paper, we designed a dual guided modes ring-
based PCF structure consisting of a central air hole, two high 
refractive index rings and cladding. The two high refrac-
tive index rings are designed to transmit more OAM modes. 
The two channels that occupy different spatial positions in 
designed PCF are independent of each other and can sup-
port many OAM modes at the same wavelengths. The dual 
guided modes ring-based PCF can support 170 + 62 OAM 
modes with the wavelength ranging from 1.45 to 1.75 µm. It 
has been calculated that most of the OAM modes supported 
by the designed fiber have high OAM purity and the mode 
quality of all eigenmodes is higher than 0.93 without phase 
distortion over the azimuth angle. The effective refractive 
index difference of the OAM modes is up to 2.14 × 10–3, 
which can effectively reduce the degeneracy between the 
vector modes and ensure the stable transmission of OAM 
modes. One of the advantages of the designed PCF is that it 
has a large effective mode field area up to 316.99 μm2, avoid-
ing the suppression of nonlinear effects more effectively.

2 � Design of the photonic crystal fiber

OAMl,m modes can be synthesized by the odd-modes and 
even-modes vectors of HEl+1,m or by the odd-modes and 
even-modes vectors of EHl−1,m, which can be summarized 
with the following formulas [17]:

where the l is the topological charge number, and m is the 
radial order corresponding to the radial intensity distribution 
of the modes. The symbol in superscript "±" represents the 
right or left circular polarization of spin angular momen-
tum, and the symbol in subscript "± l" represents the right 
or left rotation direction of OAM modes wavefront. The 
superscripts “even” and “odd” represent the even mode and 
odd mode of the corresponding eigenmode, which are distin-
guished by π/2 azimuthal rotation in polarization. The num-
ber of the topological charge of OAM modes is theoretically 
infinite, but an optical fiber can only support limited number 
of OAM modes due to the limitation of optical fiber struc-
ture. Therefore, an effective optical fiber structure design 

(1)OAM±
±l,m

= HEeven
l+1,m

± jHEodd
l+1,m

,

(2)OAM∓
±l,m

= EHeven
l−1,m

± jEHodd
l−1,m

,
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strategy is needed to enable the optical fiber to transmit more 
OAM modes. Besides, for the design of OAM transmission 
fiber, it is necessary is to make the effective refractive index 
difference (∆neff) between the adjacent eigenmodes (HEl+1,m, 
EHl−1,m) higher than 1 × 10–4 to avoid being coupled into LP 
modes due to the near-degeneracy of adjacent eigenmodes 
[40, 41].

The proposed dual guided modes ring-based PCF struc-
ture is presented in Fig. 1. The inner and outer radius of the 
ring structure is labeled by r0, r1, r2 and r3. Fused silica 
is the background material of the designed PCF, and its 
refractive index is 1.444. For further increase of the com-
munication capacity of optical fiber, we consider designing 
two transmission regions in a limited space to transmit more 
OAM modes while ensuring low crosstalk. Therefore, we set 
two high refractive index rings as two guided modes regions. 
To increase the number of OAM modes, and effective refrac-
tive index separation between adjacent eigenmodes in the 
fiber, the designed PCF have a high contrast in refractive 
indices of the fiber materials. High refractive index contrast 
requires a large refractive index difference between the fiber 
core and the fiber cladding, so Schott glass is considered as 
the core material for the designed PCF. However, the large 
refractive index difference between the fiber core and the 
fiber cladding will cause severe spin–orbit coupling effects. 
Thus, Schott glass (BAK1) was used as the material of two 
high refractive index rings and the refractive index is 1.555 
at the wavelength of 1.55 µm. In addition, to reduce the 
material refractive index of the cladding and ensure a high 
index contrast between the OAM transmission region and 
the cladding, the air filling fraction should be increased as 
much as possible. The large center air hole radius obtains 
enough space to accommodate a large number of OAM 
modes [17]. Thus, the radius of the central air hole r0 is 

chosen as 11 µm to increase the number of OAM modes, 
avoiding high radial order modes. However, the increasing 
number of air holes in each layer will increase the difficulty 
of the designed PCF preform arrangement. Thus, there are 
four layers of air holes between the two high refractive index 
rings and the four layers of air holes outside the outer high 
refractive index ring is cladding of the designed PCF. The 
air holes array of the designed PCF has circular symme-
try. Considering the fabrication difficulties of the designed 
PCF, the number of air holes in each layer between the two 
high index rings is N1 = 36, and the number of air holes in 
cladding is N2 = 60. The air holes separate the guide-modes 
regions, reducing the inter-mode crosstalk between two high 
refractive index ring and reducing the possibility of mode 
energy leakage.

The thickness of the ring core affects the separation of 
the effective indexes [42]. The higher radial orders modes 
(m > 1) have an annular distribution in both the light inten-
sity and the phase, and the electric distributions of the higher 
radial orders modes have more than one rings, while the 
phase distributions of the different rings are different, which 
will complicate the multiplex and demultiplex OAM modes 
[43]. Therefore, designing thin thickness of high index rings 
is beneficial to maintain single radial modes. However, the 
thin ring-core structure is easy to cause spin-orbital coupling 
due to imperfect circular symmetry [17]. We calculated the 
radial order at different thickness (d) of the high refractive 
index rings. As shown in Fig. 2, the designed PCF maintain 
“single radial” (m = 1) when the thickness of the rings rang-
ing from 1.7 to 2.0 µm. The number of supported OAM 
modes increases when the thickness of the ring increases, 
but higher radial order modes (m > 1) appeared when the 
thickness of the ring is greater than 2.0 µm.

Based on the above ideas, we designed a dual guided 
modes regions PCF with a large center air hole and two high 
refractive index rings. The parameters of the designed PCF 
were set as r0 = 11 µm, r1 = 13 µm, r2 = 25 µm, r3 = 27 µm, 
d1 = 2.2  µm, d2 = 2.6  µm, d3 = 2.9  µm, d4 = 3.3  µm, 

Fig. 1   Cross section of proposed dual guide modes ring-based PCF
Fig. 2   The radial order at different thickness of the high refractive 
index rings
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d5 = 2.9 µm, d6 = 3.0 µm, d7 = 3.0 µm, d8 = 3.0 µm. In this 
paper, the simulation software COMSOL multiphysics based 
on finite element method (FEM) is used, and the outermost 
circular perfectly matched layer (PML) of optical fiber is 
taken as the boundary condition. The proposed PCF sup-
ports 170 OAM modes in the outer ring and 62 OAM modes 
in the inner ring with 300 nm bandwidth. To distinguish 
OAM modes between inner ring and outer ring, the OAM 
modes supported by the inner ring in this paper are distin-
guished by label (i). We simulated the electromagnetic field 
intensity distributions of some eigenmodes supported in the 
designed fiber at λ = 1.55 µm, as shown in Fig. 3. It can be 
observed that the intensity distributions are confined in the 
high refractive index rings.

In addition, the normalized intensity distributions of 
some vector eigenmodes were calculated. Figure  4a, b 
show the normalized intensity distributions of the vector 
eigenmodes. The two annular high refractive index layers 
correspond to two shadow regions in Fig. 4a, b, and the 
peak value of normalized intensity represent the maximum 
of annular intensity distribution. The intensity distributions 
of different eigenmodes are slightly different but are mainly 

confined to the ring region with a width of 2 µm, indicating 
that all the field distributions are well confined to the high 
refractive index ring regions.

According to the Eqs.  (1) and (2), the OAM 
mode is synthesized by even mode ± j · odd mode, 
so that OAM + 8,1 = HEeven 9,1 + j  ·HEodd 9,1, 
OAM + 12 ,1  = HEeven  13 ,1  + j  ·HEodd 13 ,1 , 
OAM + 27,1 = HEeven 28,1 + j ·HEodd 28,1 and 
OAM + 37,1 = HEeven 38,1 + j ·HEodd 38,1. Therefore, 
we numerically calculated and obtained the intensity dis-
tributions, phase distributions and azimuthal phase varia-
tions of the above OAM modes at λ = 1.55 µm. In Fig. 5, 
the first two columns are OAM + 12,1 and OAM + 8,1 
modes in the inner ring, and the latter two columns are 
OAM + 37,1 and OAM + 27,1 modes in the outer ring. 
Figure 5a–d shows that the intensity distributions of these 
four OAM modes are circular uniform and confined within 
the rings. The phase distributions of the corresponding 
OAM modes in the high refractive index ring have a peri-
odic change, as shown in Fig. 5e–l. Moreover, Fig. 5i–l 
shows that the azimuthal phase variations of these four 
OAM modes have a periodic regular variation of 2Ɩπ. It is 

Fig. 3   The intensity distributions of HE18,1, HE28,1, HE7,1(i), and EH9,1(i)

Fig. 4   a The normalized intensity of some eigenmodes in the outer ring. b The normalized intensity of some eigenmodes in the inner ring
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clearly seen that the azimuthal phase variations of these 
OAM modes are periodic regular changes without any 
phase distortions over the entire azimuthal angle, which 
means that the above OAM modes are feasible in long-
distance transmission and MDM applications.

3 � OAM purity

OAM purity is an important parameter for OAM mode 
transmission. However, due to the large refractive index 
contrast and relatively thin ring-core area, the OAM fiber 
has spin–orbit coupling effect, and there are additional 
modes in the fiber that are opposite to the original OAM 
modes [44–46]. The synthesized OAM light in fibers con-
sists of the left-handed circularly polarized (LCP) light 
and the right-handed circularly polarized (RCP) light. 

Higher OAM purity can effectively reduce the intrinsic 
crosstalk and the OAM purity can be calculated as [45]:

Here, OAM1 and OAM2 represent two OAM light 
beams with opposite polarization states and topological 
charge difference of 2. The OAM purity (η) is defined as 
the power weight of the major OAM light in all the synthe-
sized OAM lights. The purity of OAM mode is related to 
the spin–orbit coupling effect. The weaker the spin–orbit 
coupling effect, the higher the purity of OAM modes. The 
OAM quality of some OAM modes was numerically cal-
culated as shown in Fig. 6. It is seen that the OAM modes 
purity change flat with increasing wavelength, while the 
values of OAM modes purity in both the outer ring and 
inner ring are greater than 0.9. The purity of OAM modes 
ensures the low intrinsic crosstalk, and the high value of 

(3)� =
max(PowerOAM1, PowerOAM2)

PowerOAM1 + PowerOAM2

.

Fig. 5   The intensity distributions, phase distributions and azi-
muthal phase variations of a, e, i OAM + 12,1 and b, f, j OAM + 8,1 
in the inner ring; the intensity distributions, phase distributions 

and azimuthal phase variations of c, g, k OAM + 37,1 and d, h, l 
OAM + 27,1 in the outer ring
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OAM modes also guarantees the communication quality 
of OAM optical fiber communication.

4 � Mode quality

Mode quality is an important parameter of OAM modes trans-
mission and plays an important role in stable transmission and 
multiplexing of OAM modes. The OAM modes quality of the 
designed PCF is related to the number of OAM modes. The 
number of OAM modes not only relates to the capacity of 
transmission, but also guarantees robust transmission [47]. The 
mode quality of OAM modes can be calculated by the follow-
ing equation [23]:

Here, Ir and Ic refer to the average intensity of the eigen-
modes in the high refractive index rings and the whole section 
of the proposed fiber.

The mode quality of some OAM modes with increasing 
wavelength is calculated using the modes intensity of the ring 
and the total cross section of proposed PCF, and the results 
are shown in Fig. 7. The dual guided modes regions can be 
used to transmit 170 + 62 OAM modes while more OAM 
modes guarantee robust transmission and high mode quality 
of OAM modes. The mode quality is approximately nega-
tively correlated with increasing wavelength. Figure 7 clearly 
shows that the values of mode quality are all greater than 0.93 
which is beneficial to the encoding and multiplexing of optical 
information.

(4)𝜂 =
Ir

Ic
=

∬
rings

|||
�⃗E
|||
2

dxdy

∬
cross - section

|||
�⃗E
|||
2

dxdy

.

5 � Effective refractive index and Effective 
refractive index difference

Figure 8a, b depicts the change in the effective refractive 
index of some OAM modes with the wavelength ranging 
from 1.45 to 1.75 µm. The effective refractive index of 
all eigenmodes decrease gradually with increasing wave-
length. For HE or EH modes at the same wavelength, the 
effective refractive index of the low-order mode is higher 
than that of the higher-order mode. The effective refractive 
index differences between the eigenmodes of HEl+1,m and 
EHl−1,m are calculated and the results are plotted in Fig. 8c, 
d. At λ = 1.55 μm, the value of maximum ∆neff of the eigen-
modes supported by the outer ring is 2.13 × 10–3, and in 
the inner ring, the value of maximum ∆neff is 3.31 × 10–3. 
Besides, the minimum ∆neff of the eigenmodes supported 
by the outer ring and the inner ring are 0.34 × 10–3 and 
0.44 × 10–3, respectively. The designed PCF strictly keeps 
the effective refractive index difference of the eigenmodes 
above 1 × 10–4 which indicates that the corresponding 
eigenmodes can be well separated and ensures the stable 
transmission of OAM modes.

6 � Dispersion properties

As the effective refractive index difference ∆neff is above 
10–4, modal dispersion of the optical fiber is not consid-
ered. Thus, the dispersion properties of the eigenmodes 
constituting the OAM modes are calculated by combin-
ing the material dispersion and the waveguide dispersion, 
which can be expressed as [48]:

Fig. 6   OAM quality (η) of some OAM modes from 1.45 to 1.75 µm
Fig. 7   Mode quality of the supporting eigenmodes from 1.45 to 
1.75 µm
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The material dispersion Dm and the waveguide dispersion 
Dw are calculated, respectively, with the following formulas:

where c is the propagation velocity of light in vacuum, λ is 
the wavelength of the incident light and Re{neff} is the real 
part of the effective refractive index of the eigenmodes. n(λ) 
is the refractive index of glass as a function of wavelength, 

(5)D ≈ Dw + Dm.

(6)Dm(�) = −
�

c
⋅

d2n(�)

d�2
,

(7)Dw(�) = −
�

c
⋅

d2Re
{
neff

}

d�2
,

which can be calculated by Sellmeier dispersion equation 
[49]:

where n is the refractive index of Schott glass (BAK1), 
λ is the wavelength of incident light, A1 = 1.12365662, 
A2 = 0.309276848, A3 = 0.881511957, B1 = 0.00644742752, 
B2 = 0.0222284402, B3 = 107.297751 [50].

Figure 9 show that the dispersion of the HE and EH 
modes supported by the outer and inner rings gradu-
ally with increasing wavelength. The dispersion changes 
with the increase of the topological charge number of the 
eigenmodes, and the dispersion increases relatively slowly 

(8)n2 = 1+
A1�

2

�2 − B2
1

+
A2�

2

�2 − B2
2

+
A3�

2

�2 − B2
3

,

Fig. 8   The effective refractive index of eigenmodes supported by a outer ring and b inner ring. The effective refractive index difference of eigen-
modes supported by c outer ring and d inner ring
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for the lower order eigenmodes. In the range of 1.45 to 
1.75 μm, the dispersion of HE11,1 (l = 10) has changed by 
5.9 ps nm−1 km−1, that of EH26,1 (l = 27) has changed by 
14.4 ps nm−1 km−1, and that of HE35,1 (l = 34) has changed 
by 19.6 ps nm−1 km−1, while the dispersion changes of all 
these modes are less than 24 ps nm−1 km−1. Therefore, the 
dispersion variation of the designed PCF is relatively flat.

7 � Effective mode field area

The effective mode field area (Aeff) is related to the size of 
the fiber structure, such as the effective index differences and 
the core diameter, which can be obtained from the following 
formula [47]:

where E(x,y) is the normalized electric field distribution of 
the generated transverse field.

Figure 10 show the effective modes field area change 
curve for the designed PCF with increasing wavelength. The 
designed dual guided modes ring-based PCF has enough 
large effective modes field area to improve the quality of 
mode transmission as large as possible. The results show 
that the effective modes field area of the eigenmodes is 
between 79.13 and 316.99 μm2 with 300 nm bandwidth. 
At λ = 1.55 µm, the maximum and the minimum effective 
mode field area of the modes supported by the outer ring is 
315.75 μm2 (HE44,1) and 211.70 μm2 (HE1,1), respectively. 
Also, the maximum and the minimum effective mode area 

(9)Aeff =

(
∬ |E(x, y)|2dxdy

)2

∬ |E(x, y)|4dxdy
,

of the eigenmodes supported by the inner ring is 128.58 μm2 
(HE16,1) and 79.20 μm2 (HE1,1) respectively.

8 � Nonlinear coefficient

Nonlinearity is one of the most important parameters of 
optical fiber. The nonlinear effects of optical fiber can limit 
system capacity, affect system performance, and limit relay 
distance, so that the small nonlinear coefficient is condu-
cive to the transmission of OAM modes in optical fiber. The 
nonlinear coefficient can be calculated from the following 
formula [51]:

where the nonlinear index of fused silica n2 is 2.6 × 10–20 
m2 W−1.

The nonlinear coefficient of the fiber is determined by 
the substrate material and the area of the mode field of 
the fiber. The effective mode field area of photonic crystal 
fiber is improved by increasing the central porosity, and the 
influence of nonlinear effect on optical fiber communica-
tion system is reduced. The wavelength and effective mode 
area are inversely proportional to the nonlinear coefficient. 
The designed PCF has a large effective modes field area 
and has a significant effect on suppressing nonlinear effects 
in the fiber. Figure 11a shows that the nonlinear coefficient 
decreases gradually with the increase of wavelength. All 
the eigenmodes of the PCF have much lower nonlinear 

(10)� =
2�n2
�Aeff

,

Fig. 9   a Dispersion of OAM modes supported by the outer ring. b Dispersion of OAM modes supported by the inner ring
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coefficient with the wavelength range from 1.45 to 1.75 µm. 
The results show that the nonlinear coefficient of HE and 
EH modes in the outer ring is lower than 0.55 km−1 W−1, 
and that of all modes in the inner ring is no higher than 
1.5 km−1 W−1. The lowest nonlinearity of 0.295 km−1 W−1 
is obtained for HE44,1 at λ = 1.75 µm. The proposed PCF with 
low nonlinear coefficient is beneficial to the transmission of 
vortex beam in optical fiber as well as the compression of 
nonlinear signal distortion.

9 � Isolation parameters

In this paper, optical power isolation of between the com-
munication channels in two rings high index regions is 
analyzed. In the designed PCF, there are four layers of 
air holes between the outer ring and the inner ring, which 
formed a large refractive index difference for isolation and 
reduce inter-mode crosstalk [36]. The isolation parameter 
(ISO) can be calculated as [52]:

Fig. 10   a The effective modes field area of eigenmodes supported by the outer ring. b The effective modes field area of eigenmodes supported 
by the inner ring

Fig. 11   a The nonlinear coefficient of eigenmodes supported by the outer ring. b The nonlinear coefficient of eigenmodes supported by the inner 
ring
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Here, Ex, Ey and Hx, Hy are the transverse electric and 
magnetic fields components of the relevant modes. The iso-
lation parameters Is(O→I) and Is(I→O) are introduced to meas-
ure power crosstalk from outer ring to inner ring and from 
inner ring to outer ring, respectively.

Figure 12a, b shows the isolation parameter varying with 
wavelength range from 1.45 to 1.75 µm. The high value of 
isolation parameter is not only beneficial to good isolation 
effect, but also helpful to high capacity and advantageous 
optical fiber communication systems. The results show that 
the isolation parameter is approximately negatively corre-
lated with wavelength, and the isolation parameter in the 
designed PCF is above 65 dB. According to the previously 
published articles [36–39], the crosstalk between the chan-
nels in two rings high index regions is low and negligible. 
Hence, the high isolation of the designed PCF can provide a 
large capacity and a favorable optical fiber communications 
system.

10 � Confinement loss

The confinement loss is an important parameter to charac-
terize the propagation performances of the designed opti-
cal fiber, which is caused by structural defects and internal 

(11)Is(O→I) = −10 × log
∬

Inner
(ExHy − EyHx)dxdy

∬
Total

(ExHy − EyHx)dxdy
,

(12)Is(I→O) = −10 × log
∬

Outer
(ExHy − EyHx)dxdy

∬
Total

(ExHy − EyHx)dxdy
.

absorption. Low confinement loss ensures the long-distance 
transmission of OAM modes. The confinement loss is calcu-
lated using the imaginary part of the effective index of the 
eigenmodes [53]:

where the imaginary part of the refractive index and the 
wavelength are labeled by Im(neff) and λ. The designed PCF 
have four layers of air hole rings and a larger air hole, which 
can effectively reduce the confinement loss. Figure 13 shows 
the values of confinement loss of some eigenmodes with 
increasing wavelength. At λ = 1.55 µm, the minimum con-
finement loss is 1.56 × 10–12 dB m−1 (HE13,1). There is no 
linear relationship between the confinement loss and wave-
length, but the confinement loss is on the order between 
from 10–12 to 10–8 dB m−1 while all the values of confine-
ment loss were lower than 1.4 × 10–8 dB m−1. The designed 
PCF has a lower confinement loss in the transmission of 

(13)Closs =
40�

ln(10)�
Im(neff) (dB∕m),

Fig. 12   a The isolation parameter of eigenmodes supported by the outer 
ring. b The isolation parameter of eigenmodes supported by the inner ring

Fig. 13   The confinement loss of some eigenmodes
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vortex beam and it can be used for the transmission of vortex 
beam in the fiber communication system.

To determine the performance of the proposed PCF, we 
compared the proposed PCF with previously published 
articles. The comparison of several important param-
eters of PCF are shown in Table 1, which can be seen 
that our proposed PCF supports more OAM modes. In 
addition, the proposed dual guided ring-based PCF has 
a larger effective modes field area and a lower nonlinear 
coefficient.

11 � Fabrication possibility

The designed PCF structure consists of a central air hole, 
two high refractive index rings and cladding. The designed 
PCF is designed to have eight layers of air holes, with an 
array of circular symmetry and tangent lines, which makes 
the fabrication of preform easier [17]. The designed PCF 
was made up of fused silica as the background material, 
and the materials of the two circular high refractive index 
layers are Schott glass (BAK1). The structure of the PCF is 
relatively complex, so we consider the feasibility to fabri-
cate the designed PCF. First of all, the Schott glass (BAK1) 
is commercial glass and we can obtain them from many 
specialties glass companies. In 2005, Feng et al. [54] used 
rotary sonic drilling machine to produce porous microstruc-
tures on prefabricated bars of lead silicate glass (SF glass). 
Therefore, rotary sonic drilling machine is used to drill a 
circular hole in the center of the Schott glass, and then two 
high refractive index ring tubes of different radii can be 
obtained. In addition, six different sizes of quartz silicon 
glass tubes should be prepared. Then the capillary-stacking 
technique is used to stacked quartz silicon glass tubes along 
with two high refractive index ring tubes to formed pre-
form. Finally, the temperature and drawing speed of the 

fiber drawing tower are precisely controlled to prevent the 
collapse of air holes, and the designed dual guide modes 
PCF are drawn by “stack-and-draw” technology. Thus, it 
is also possible to fabricate the designed PCF using the 
above method.

12 � Conclusion

In this paper, we presented a design of dual guided modes 
ring-based PCF which has a sufficiently large effective 
refractive index difference, relatively flat dispersion, large 
effective mode field area and low nonlinear effects with 
300 nm bandwidth. The two channels occupying differ-
ent spatial positions in proposed PCF are independent 
of each other and have good isolation parameters. The 
designed PCF can support up to 170 + 62 OAM modes 
in dual guided modes regions. The values of most OAM 
modes purity in dual guided modes regions are greater 
than 0.9 and the mode quality of all eigenmodes is higher 
than 0.93 without phase distortion over the azimuth angle. 
Furthermore, the numerical results show that the differ-
ence of effective refractive index of all the selected eigen-
modes is higher than 3.4 × 10–4 and the confinement loss is 
lower than 1.4 × 10–8 dB m−1 with 300 nm bandwidth. The 
nonlinear coefficient of all eigenmodes in the outer ring 
is lower than 0.54 km−1 W−1, while that in the inner ring 
is lower than 1.5 km−1 W−1. All the field distributions are 
well confined within the high refractive index ring without 
phase distortion over the azimuth angle. Therefore, the 
proposed PCF supports more OAM modes, larger effec-
tive mode field area and lower nonlinear effect, which is 
of great significance for large capacity transmission and 
MDM technology in modern optical communications 
system.

Table 1   Comparison chart with several numerical results of published articles

References Supported mode Effective modes 
field area (μm2)

ISO (dB) Nonlinearity 
(km−1 W−1)

Confinement loss 
(dB m−1)

Structure shape

[23] 56 OAM < 90 – < 4 1.7407 × 10–11 Coil shape PCF
[24] 26 OAM 65 – < 5 1.03 × 10–10 Spider web-shaped PCF
[29] 48 OAM – 267.72 – 6.91 × 10–10 Ring-based PCF
[30] 38 OAM 72.5 – 0.997 1.534 × 10–9 Circular PCF
[31] 42 OAM 69 – 1.0444 1.131 × 10–10 Circular PCF
[36] 30 OAM + 2 LP < 90 86.02 – ≈ 10–10 Dual guided circular PCF
[37] 56 OAM + 4 LP – 112 – < 4.91 × 10–8 Circular PCF
[38] 76 OAM + 6 LP  < 9 171 – 3.72 × 10–12 Ring-based PCF
[39] 30 + 50 OAM 92.30 > 40 1.75 – Dual guided nested PCF
This article 170 + 62 OAM 316.99 > 65 0.295 1.56 × 10–12 Dual guided ring-based PCF
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