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KEYWORDS Abstract A novel single material-based anti-resonant fiber is designed, investigated, and explored
Anti-resonant fiber; in this article with supports of up to 64 OAM modes over the 0.6 um to 1.0 um as operating wave-
Fiber optics communication; length. The other properties of the designed fiber including confinement loss (CL), OAM purity,
Negative curvature fiber; effective refractive index differences (ERIDs), and dispersion variations provide the exceptional
Orbital angular momentum; output. This fiber, the CL approximately varies between the 5.7031 x 107> dB/m to
Mode quality; 9.2537 x 10~* dB/m, the OAM purity is 97% to 99%, the ERIDs are higher than 10~* for all
Flat dispersion the modes, and the least dispersion variations is —8.838 ps/km-nm for the EH, ; mode. All the out-

standing properties of the presented fiber are calculated using the FEM and the PML within the
COMSOL Multiphysics simulator. Therefore, to the ideal of our knowledge, the proposed anti-
resonant fiber is mostly applicable in the high-quality long-distance fiber communications system.
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1. Introduction

Space division multiplexing (SDM) and mode division multi-
plexing (MDM) are being considered as potential technologies
for increasing the transmission capacity of optical fiber com-
munication systems in the face of an ever-increasing demand
for bandwidth resources in the current day. To transmit inde-
pendent data streams, different fiber modes like linear polar-
ization (LP) or orbital angular momentum (OAM) modes
are being investigated. Except for the inter-mode dispersion,
the OAM modes created by the linear combination of odd
and even modes of the identical vector eigen-mode can be con-
sidered of as a superior way for achieving multiple-input-
multiple-output (MIMO) free MDM transmission [l-4].
OAM has permitted a collection of application fields such as
imaging, sensing, and micro-manipulation [5-8]. The charac-
teristics feature of OAM beams whose complex amplitude con-
structs the helical phase front which is indicated by
‘exp(i | ¢)’, where, ‘@’ and ‘I’ refer to the azimuthal angle
and the topological charge that is infinite value in theory ter-
med, respectively. Therefore, in principle, the amount of
OAM-carrying beams is unbounded. It is possible to improve
the spectral efficiency and data reception of optical fiber com-
munication systems by multiplexing and demultiplexing (Mux
and Demux) OAM modes, as coaxial light beams from distinct
OAM states may be precisely partitioned [9,10]. Presently,
ring-formation high refractive index profile fiber is broadly
applied for OAM based fiber devices and communications sys-
tems because of its unique OAM mode shape. The annular
shape of ring fibers prepares it adequately for conveying
OAM modes as well as OAM beams’ intensity profile. Sustain-
ing the fundamental mode postulate could potentially mini-
mize the mode crosstalk using the proper parameter choice
and facilitate the processes of multiplexing and multiplexing
[11-14]. Moreover, different type of stability with its applica-
tions is analyzed in neural networks [15-17]. Furthermore,
the OAM modes number is a necessary property of the pho-
tonic crystal fiber (PCF) that is more impact on the fiber com-
munication systems. For this reason, we have built a new
concept fiber that supports better optical propagation features
(especially confirmations of a large amount of OAM modes).

Previously, different types of PCF have been proposed such
as single guided channel, double guided channel, and ring-
based materials doped channel, etc. that transmission the
OAM modes. An annular index profile and air core-based fiber
were presented by Brunet et al., [18] with supporting the 9
orders of OAM mode and also fabricated through the MCVD
method. Fujisawa et al. [19] explored the enlargement of OAM
modes of light in coiled tube birefringent PCFs, where the effi-
cient creation of OAM modes can be obtained by inverting the
PCF periodically. Besides, Geng et al., [20] raised a ring-core
Schott glass-based high dispersion-coupled fiber. For various
OAM modes, the presented fiber indicates a large negative dis-
persion in the region of 1.5 pm. A new type of fiber was pre-
sented by T. He et al. that supports the 54 OAM modes over
the 650 nm broad bandwidth. A high refractive index profile
is inserted within the air-hole claddings (two) in the silica layer
(where the OAM modes transmission) [21]. Israk et al. [22] was
introduced a new coil shape structure with the two type’s mate-
rials (silica and SF2 are used as a background and ring mate-
rials) as well as proposed fiber can support 56 OAM modes. A

ring-based double guided low crosstalk fiber was reported by
Wang et al., [23] that produces 56 OAM and 4 LP modes, how-
ever doping the high index profile (SF6 material). Two vari-
eties of low-loss and weak-guiding OAM annular core fibers
were experimentally observed by Wang et al., [24] which sup-
ports 14 and 22 Eigen mode over the 1.55 pum, respectively.
It has been proven that positive curvature fibers limit light
more weakly than negative curvature fibers (NCF) [24,25]. In
the year of 2019, Tu et al., [1] indicated the generation of 28
OAM modes in the NCF among the infrared band, and the
CL reached up to 1071 — 107! dB/cm from 1.2 to 1.7 pm
wavelength.

In this article, we simulate, analyze and investigate the
novel approach of anti-resonant fiber with supporting 64
OAM modes and other propagation effects (such as ultralow
confinement loss, and better mode quality, etc.) on the fiber
communications. In the ring-core, the light constricted can
be increased through the Fresnel reflection from both sides (in-
side and outside from the ring) negative bent glass wall, which
can be defined as the anti-resonant effect, and every OAM
modes are enclosed by the manner of total internal reflection
(TIR). The proposed fiber will be amplified in the 400 nm
bandwidth (0.6 um to 1.0 um) and whole the exploration has
been obtained by the COMSOL Multiphysics software.

2. Structure and methodology

The two-dimensional simplified cross-sectional sketch of the
raised anti-resonant fiber with supporting 64 OAM modes is
displayed in Fig. 1. The three-layer structure is sheltered inside
the fiber. In the first layer (outmost layer) and third layer (in-
nermost layer), 6 circular tubes with inclination angles of 60°
are connected with the fiber. In the second layer (middlemost
layer), an annular region is connected with the outer and inner
layer, respectively in which the OAM modes are produced. The
thickness of both layers (inner and outer) tube is 0.20 um and
the annular region (rp- ry) is 1.00 um. Moreover, a perfectly
matching layer (PML) with 0.50 pm (rs- r4) thickness is used
to exploit an extra electromagnetic distraction light beam on
the boundary. Finally, the basic parameters of the proposed
anti-resonant fiber are shown in Table 1.

The intensity distribution in different OAM modes of the
anti-resonant fiber is displayed in Fig. 2. The HE mode is a less

Air-hole SF2

Fig. 1  Sectional view of the intended ring-based anti-resonant
fiber. The meanings of r; — ry are discussed in Table 1 with their
corresponding values for this study.
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Table 1 Fundamental parameter of the designed anti-reso-
nant fiber as shown in Fig. 1.

Parameter Value (um)
Inner ring radius, r, 2.00

Outer ring radius, 1, 3.00
Radial radius inside the fiber, r3 6.00
Radius of the inner PML, 4 6.50
Radius of the outer PML, r5 7.00
Thickness of the inner tube, r7- rg 0.20
Thickness of the outer tube, ro- rg 0.20

effective refractive index (ERI) compared to the EH mode at
the irreversible wavelength of the analogous order vector
modes. For this reason, we define the EH and HE modes to
obtain whole the propagation characteristics of the reported
fiber using the PML and the finite element method (FEM)
through the simulator. Also, the vector notations of the
TEy,; and TM, ; modes in Fig. 2 (corresponds to Fig. 1 as well)
are indicated by the arrows (red color). Therefore, the large
number of vector modes (64 OAM) is supported by the anti-
resonant fiber which increases the channel capacity for the
optical fiber communications.

3. Performance and result analysis of the anti-resonant fiber

HE, EH, TE, and TM are four vector modes that can be sup-
ported by a fiber with a circular symmetrical topology. Those
of the modes, even and odd modes are present in both HE and
EH mode and also present the phase separation among the
even and odd mode is + m/2. When the ERI separation
between the vector modes is less, leading to the creation of lin-
ear polarization (LP) modes and there will be evident crosstalk
among the vector modes. But when the ERIDs among the

vector mode are >107*, the OAM modes can be propagated
into the fiber [18]. In this section, the following part like the
supported OAM modes, mode quality, ERI, ERID, disper-
sion, effective area, numerical aperture, and confinement loss
will be discussed with proper explanation.

3.1. Supported O AM modes

The designed anti-resonant fiber is composed of a single type
of SF2 material that supports many OAM modes (operating
wavelength range in between 0.6 pm and 1.0 pm). The
supported OAM modes through the proposed fiber can be pro-
duced using the linear consolidation of even and odd modes of
the HE and EH vector modes. However, the coordination pro-
cess of adopted the OAM modes can be expressed as Eqgs. (1)
and (2) [26]:

OAMiIm = HEZV»el’jm i]HE;)fcljm . (l > 1) (1)
OAMiI,m = EH;tclnm iIEI—I;)—dtli,m 7
OAMil.m = TMO,m i]TEO.m

where ‘I and ‘m’ denote the infinity number of topological
charge and radial sequence of vector modes, consecutively.
The superscript and subscript ‘£’ represent the direction of
circular polarization and wave-front rotation, respectively.
Higher radial order vector modes (where m is greater than 1)
must be established in order to effectively create OAM modes,
as the phase allocation of higher-order modes varies between
regions of different annular cores. This affair creates it difficult
to Mux and Demux the OAM modes and for this reason, we
select the radial order mode m is equal to 1. The supported
OAM modes number versus wavelength of the presented fiber
is explicit in Fig. 3. In this scenario, it is clearly understood
that the mode number of OAM is gradually decreasing with
an increase in the wavelength. Therefore, the total number of

Mode field intensity distribution in different vector modes of the proposed fiber.
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Fig. 3 OAM mode number with wavelength of the anti-resonant fiber. Five structures represent the intensity of the indicated OAM

mode number.

supported OAM modes reaches up to 64 in the 400 nm band-
width of the designed anti-resonant fiber. We hope it provides
robust data transmission among the fiber communications.

3.2. OAM purity

OAM purity or mode quality is a significant propagation prop-
erty that influencing OAM fiber transmission. The high purity-
based OAM modes provide the efficient transmission of infor-
mation and also used to apply MDM technology. The expres-
sion can be used to express the modal quality of OAM, Eq. (3)
[27]:

2
Ir .ﬂ‘rings E}‘ dXdy
n"=7= 2 A3)
E‘ dxdy

.«ﬂ‘cro.ss—seclion

where ‘7" and ‘1.’ define the average electric mode strength of
the annular region inside the anti-resonant fiber and the 2D
cross-sectional region of the fiber, consecutively. The purity
of few OAM modes is evaluated in the 0.9 um wavelength
band (since 0.9 pm wavelength occurs the lowest confinement
loss) and the outcomes are portrayed in Fig. 4. The findings
show that the purity of the EH mode is lower than that of
the HE mode for the same OAM mode sequence. In the pro-
posed fiber, the purity of OAM modes is approximately
>96% and the highest purity reaches up to 99.31792% for
the HE¢ ; mode. Therefore, the large amounts of OAM modes
with remarkable OAM purity-based anti-resonant fiber pro-
vide a significant effect on the application of MDM
technology.

3.3. Effective refractive index (ERI)

The ERI of various OAM modes of the designed anti-resonant
fiber with respect to wavelength is demonstrated in Fig. 5. This
fiber, only a single type of SF2 material is used within the cir-
cular tubes and annular region (which confined the OAM

modes). Therefore, the ERI of the SF2 material is calculated
using the Sellmeier equation [28] and expressed as Eq. (4) [29]:

here ‘2’ define the operating wavelength of the presented fiber,
A; and B; denote the Sellmeier coefficients of the doped mate-
rial (SF2) [29]. In Fig. 5, the results show that the ERI is thinly
downfall with enhancing the wavelength over the 400 nm
bandwidth. Additionally, it is noted that higher-order OAM
modes have a lower ERI, and the EH mode has a greater RI
than the HE mode at identical OAM orders. The ERI also
has an effect on the planned fiber’s waveguide dispersion
properties.

3.4. Effective refractive index differences (ERIDs)

To contain the OAM modes in the designed anti-resonant
fiber, a precondition is that ERIDs within the HE and EH
modes must be abovel0™, else LP mode will have occurred
that provide the large crosstalk among the channel. So, the
detachment between the vector modes can be expressed as
the following equation [26]:

Anyy = Mg, = Neftin, | > 107" (5)
where ‘An,;’ defines the ERIDs between the vector modes. The
simulated ERIDs of the several OAM mode is displayed in
Fig. 6 within the 0.6 pm to 1.0 um wavelength. Furthermore,
the ERIDs of the raised model are gently increasing for the
higher-order OAM modes. In this Figure, a green straight line
is used for 107 and the results show that all the ERIDs are
above the mentioned line. For this reason, the LP mode gener-
ation has been suppressed and the crosstalk of optical fiber
communication systems is decreases by the proposed anti-
resonant fiber.
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Fig. 5 ERI with wavelength of the anti-resonant fiber. The inset depicts the explicit scene of the dash-shaped location highlighted.

3.5. Chromatic dispersion

The dispersion is an essential characteristic of the anti-
resonant OAM fiber in the transmission of information
because flat and low dispersion assures fast propagation in
the fiber. Additionally, flat and ultra-low dispersion-based
OAM fiber can be used to simultaneously transmit numerous
signals and to actualize long-distance broadband signal trans-
mission. The suggested fiber’s dispersion profile can be
described using the following formula, Eq. (6) [26]:

i dn[)] i dRe [1eg]

= 2 2 (6)
dA ¢ d

where ‘D,,’, ‘D,’, and ‘¢’ indicate the material dispersion, the

waveguide dispersion, and the velocity of light in a vacuum,

D=D,+D,

consecutively. Material dispersion is a small effect on the
chromatic dispersion and due to this, only waveguide disper-
sion is considered of the designed anti-resonant fiber. Besides,
Fig. 7 demonstrates the relationship between the dispersion
and the operating wavelength of the designed fiber. The
lower-order OAM modes provide the low and flattened dis-
persion trend while the higher-order OAM mode varies
greatly from the proposed anti-resonant fiber which is clearly
understood through Fig. 7. It is also observed that in the cor-
responding order of OAM modes, the HE mode has rela-
tively larger dispersion than the EH mode. The simulated
dispersion variation of some OAM modes is shown in
Table 2. Therefore, ultra-low and flattened dispersion-based
lower-order OAM modes enhance the quick propagation of
information within the fiber.



Md. Mehedi Hassan et al.

9896
0.1 T T T T T T T T T
0.09 _ _o_—"—“'ﬁxr’“«..l =
¥ — — —IHE, - T™M ||
[ | ——IHE, -EH |
0.08 (| meEny e
|| —o—HEg -EH, |
HE, ~EH, |
0.07 B »—HE, ol =
I HE - EH ||
0.06 ||+ "Rl -
— HHE - EH | -
z [ | —em eyl -
qﬂ 0.05 Eily, | 4
0.04 - -
0.03 - b

0.02

0.01

055 06 065 07 075

08 085 09 095

Wavelength (pzm)

Fig. 6 ERIDs with wavelength of the anti-resonant fiber.

2500 T T T

2000

1500

1000

Dispersion (ps/(km-nm))

500 - =

.55 0.6 0.65 0.7 0.75

0.8 0.85 0.9 0.95 1 1.05

Wavelength (pzm)

Fig. 7 Dispersion with wavelength of the anti-resonant fiber. The inset depicts the explicit scene of the dash-shaped location highlighted.

Table 2 Several dispersion variations of OAM modes are supported by the proposed fiber.

OAM modes HE, ; HE; HEs HEq HE,; HE5 HE,s HE 6
Dispersion variation (ps/km-nm) —8.765 23.122 88.657 122.172 455.7 605.1 568.7 671.7
OAM modes EHI,I EH3’1 EHS,I EH6’1 EH“J EH13’1 EH]SJ EH16,1
Dispersion variation (ps/km-nm) —8.838 21.358 68.203 107.768 383.1 455.8 499 652.7

3.6. Effective mode field area (EMA)

EMA (A.y) gives a significant impact on the transmission of
OAM modes. It also provides an effective influence on the
numerical aperture properties. The mode field area can be
measured through the following expression (7) [30]:

(F1BCe ) Paxdy)’
J|E(x,y)[*dxdy

Ay =

where ‘E(x, y)’ define the mode power of the electric field dis-
tribution. The annular region and the ERIDs of the fiber [31]
affect the size of the mode field area. The calculated results of
the 4., with respect to the wavelength of the designed anti-
resonant fiber are displayed in Fig. 8. Moreover, the result
shows that higher-order OAM modes provide a lower effective
field area because the light intensity is easily leaked to the clad-
ding region of the higher-order modes. Also, the effective area
is slowly increased by raising the controlling wavelength and
the durability of the higher-order OAM modes used to trans-
mit in optical communications.



Novel approach of anti-resonant fiber with supporting 64 orbital

9897

13 T T T T

12|

p— —
- —
T T T

-
—T T

Effective Area (pmz)

0.55 0.6 0.65 0.7 0.75 0.8

0.85 0.9 0.95 1 1.05

Wavelength (pzm)

Fig. 8 Effective field area with wavelength of the anti-resonant fiber.

3.7. Numerical aperture (NA)

The total assumption of light rays or power in the anti-
resonant fiber is measured by the NA characteristic. It is a
unit-less parameter and can be expressed through Eq. (8) [26]:

1
. 72
NA = [1 + —”f;”] 8)

The relationship between the NA and the wavelength is
positively correlated with the proposed model which is
depicted in Fig. 9. This figure shows that the NA is politely
increased with raising the order of OAM modes between the
0.6 pm and 1.0 pm wavelength and the maximum NA have
been obtained where the minimum effective area occurs. The
highest value has been obtained by the proposed anti-
resonant fiber is 0.20245 (for the HE,7; mode) and the fiber
is mostly used in the field of medical imaging as well as optical
coherence tomography (OCT).

3.8. Confinement loss (CL)

When OAM mode is transmitted through the anti-resonant
fiber, some of the OAM modes are leakage through the clad-
ding area due to the several structural designs, which phe-
nomenon will occur in the CL. It is one of the destructive
parameters that immediately collapse the distance of transmis-
sion. Therefore, lower CL is favorable to the transmission of
OAM modes into the fiber with low loss. The CL of the fiber
is mathematically calculated as the following expression [29]:
2 20

loss = I (10) 10°Im(nyy) (dB/m) 9)

where ‘4’ and “Im(n.;)’ represent the controlling wavelength
and the imaginary part of the proposed structure, respectively.
Fig. 10 shows that the wavelength of the proposed fiber could

be over the 400 nm bandwidth within the CL of some OAM
mode. The CL of the supported modes shows the explicit
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Table 3 Comparative analysis of the designed anti-resonant fiber with other published OAM fibers.

Ref. OAM Mode Number Confinement Loss (dB/m) Material Applied Structure Type

[1] 28 107" Silica NCF

[23] 56 <1078 SF6 PCF

[27] 42 9.52 x 107° Silica PCF

[33] 22 1071 Silica NCF

[34] 38 1071 - 107 AsyS;3 Hollow-core ring PCF
This Fiber 64 2.7031 x 10~° SF2 Anti-resonant Fiber

zigzag trends. When the cladding mode’s ERI is close to the
value of the objective mode, the cladding mode’s phase exhi-
bits a zigzag intensity distribution [32]. In Fig. 10, the CL of
the permitted OAM modes is approximately varied between
the 5.7031 x 107> dB/m to 9.2537 x 10~* dB/m. Also, the min-
imum CL of the designed structure is 2.7031 x 10~® dB/m for
the HE;; mode at the 900 nm wavelength. Therefore,
the main convenience of the low confinement loss provides
stable OAM transmission and a potential candidate in fiber
communications.

Based on the above discussion, Table 3 exhibits the perfor-
mance evaluation of the presented anti-resonant fiber with the
other related OAM fiber. The designed single material-based
anti-resonant fiber provides a large number of OAM modes,
better OAM purity, low CL, and flat dispersion variations
which shows the potential applications in OAM transmission,
high quality, and long-distance fiber communication.

4. Conclusion

The proposed anti-resonant fiber structure can be fabricated
by the modified chemical vapor deposition (MCVD) and
fiber drawing facilities. To generate the appropriate preform
geometry, sufficient concentrations of SiO, and GeO, are
accumulated to produce the ring core annular region in
front of resembling the index profile cladding [35-37]. Then,
the circular tubes of the cladding region (inner and outer
layers) are collapsed to create the glass preform. Finally,

the fiber drawing scheme controls the annular region diam-
eter in order to produce the fiber’s predicted geometry. As a
result, the proposed anti-resonant fiber will be constructed
first, followed by studies to evaluate the structure’s propaga-
tion characteristics.

Overall, It could be concluded saying that the outcomes of
the proposed fiber depict that the ERIDs of the vector modes
are > 107* which suppress the generation of LP mode and
only provide the OAM mode in the annular region. Other opti-
cal properties including low and flat dispersion (-8.838 ps/km-
nm) assure the fast propagation among the fiber, high OAM
purity (99%) ascertains the efficient transmission of informa-
tion, and used in the MDM technology, lower confinement
loss (2.7031 x 107% dB/m) is fortunate to the OAM modes
transmission within the fiber with low loss. Finally, we
expected that the proposed anti-resonant fiber might be a
potential impact on the transmission of the OAM on large-
capacity-based long-distance communications.

Thus, in the summarization, we have designed a novel anti-
resonant fiber that supports a large amount of OAM mode
that is why it is suitable for long-distance communications.
All the propagation characteristics of the fiber have been
numerically calculated through the FEM and PML in the
COMSOL Multiphysics simulator. We want to emphasis here
that we do theoretical/computational studies. However, there
are limitations of this study, for example, data collection pro-
cess and experimental facility. So, one may extend this study to
study about the different types of air-hole tube arrangement in
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the cladding part as well as doping the core materials with a
deep investigation and we are more than happy to collaborate,
if invited.
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