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Abstract: This paper introduces and theoretically analyzes the generation of orbital angular momentum (OAM) modes with different
polarization in a few-mode optical fiber using short-period gratings (Bragg gratings) at telecommunication wavelengths. The modal
characteristics of the supported modes have been studied using a full-vector true-mode analysis. Additionally, an appropriately designed
raised-cosine apodized grating is employed to couple the HE11 core mode to the counter-propagating cladding mode. In contrast to the
long-period grating-based OAM mode generation, the present scheme is free from periodic back-coupling of optical power into the
fundamental core mode which drastically enhances the OAM mode purity. The ±1-order OAM beam has been generated by combining
the first higher-order core modes with a π=2 phase shift between them. This paper also shows that by combining different higher-order modes,
it is possible to obtain a linearly polarized OAMmode or a circularly polarized OAMmode. Finally, I also report that in fibers with larger core
radius, the higher-order OAM mode of topological charge ±2 or higher can also be generated using a similar approach of using short-period
gratings. The topological charge of the OAM mode is verified by observing both the coaxial and off-axial interference fringes.
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1. Introduction

An optical vortex is a common type of structured light, which can
be broadly categorized into two types: phase vortex and polarization
vortex [1–3]. Polarization vortices are generated when the
polarization direction is completely undetermined at the beam
center, leading to a polarization singularity at the beam center. The
polarization characteristics of a cylindrical vector beam (CVB)
correspond to those of a vortex beam. The other vortex beam is
characterized by having a helical wavefront of exp(ilϕ), where ϕ is
the azimuthal angle, and l is the topological charge, in which the
phase is completely undetermined at the beam center. The intensity
profile of both of these vortex beams, polarization as well as phase
vortex, exhibits a doughnut shape with a central dark region. The
discovery made by Allen et al. [4] in 1992 that beams with a helical
phase front exp(ilϕ) have orbital angular momentum (OAM) of lℏ
per photon was a major breakthrough in our knowledge of the
characteristics and uses of optical vortices. The phase vortex beams,
also known as OAM modes, have wide range of applications across
different fields, e.g., in optical micro-manipulation [5, 6], optical
imaging [7], quantum optics [8], optical tweezers [9, 10], nonlinear
optics [11, 12], nano-scale microscopy [13, 14], etc. Very recently,
due to their unique properties, the OAM beam has attracted great
attention in developing novel multiplexing techniques increasing the
data carrying capacity of optical channels [15–19]. To generate

OAM beams, several methods have been devised, such as spiral
phase plate [20–23], computer-generated holograms [24–26],
microresonator or subwavelength grating [23, 27–31], helically
twisted fiber [32, 33].

Majority of OAM beam generation and conversion techniques
are primarily based on discrete components, and the associated
complexity of optical alignment makes them difficult to use in
compact, low-loss systems as well as in long-distance systems.
Recent research advances have made it possible to generate and
guide vortex beams in optical fiber, which has considerably
reduced the external interference and increased the transmission
efficiency, raising a lot of research interest to explore novel fiber
designs for OAM beam generation. For OAM mode generation in
commercial optical fibers with conventional step-index profile,
typically the initial step involves exciting the first few guided
modes at the fiber’s input end, and then, the appropriate mode
coupling is achieved through the utilization of fiber gratings and/
or fiber modeselective couplers. Among various mode coupling
techniques, the optical fiber grating-based technique has attracted
much attention in the process of generating OAM, owing to the
availability of the matured grating fabrication technology,
possibility of high-speed volume reproducibility of gratings, and
the freedom they offer in tailoring the transmission spectra of pre-
selected guided modes. Numerous studies, both the theoretical and
experimental, have been conducted to demonstrate how to
generate an OAM mode and switch between the OAM modes in
fiber using acoustically induced LPFG [34, 35], mechanical long-
period fiber grating [36], long-period grating [37], fiber Bragg
grating [38–41], helical Bragg grating technology [42], helical

*Corresponding author: Avijit Koley, Department of Electronic Engineering,
National Taiwan University of Science and Technology, Taiwan, Province of
China. Email: avkoley@mail.ntust.edu.tw

Journal of Optics and Photonics Research
2025, Vol. 2(2) 67–76

DOI: 10.47852/bonviewJOPR42022826

© The Author(s) 2024. Published by BON VIEW PUBLISHING PTE. LTD. This is an open access article under the CC BY License (https://creativecommons.org/
licenses/by/4.0/).

67

mailto:avkoley@mail.ntust.edu.tw
https://doi.org/10.47852/bonviewJOPR42022826
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


long-period fiber grating [43], multi-ring air-core fiber [44], helically
twisted hollow-core antiresonant fiber [45].

The LPFG-based OAM beam generation technique has its own
advantages and inherent shortcomings, e.g., the OAM beam suffers
badly due to the (i) inherent cross-sensitivity of the LPFG to a
number of external perturbation parameters, and (ii) a slight
mismatch in the grating length of LPFG leading to the back-
coupling of optical power from the vortex beam to the fundamental
mode of the fiber, reducing the mode purity. The LPFGs are much
more sensitive to external perturbations, such as temperature, strain,
refractive index, and so on, than the fiber Bragg gratings (FBGs)
[46]. Furthermore, it is well known that the transmission spectrum
of LPFG varies periodically with grating length. Now, since all the
supported modes of a few-mode fiber already carry some energy
right through the launching end (determined by the spot-size
overlap of the optical source with various guided modes), a precise
control on the LPFG length is needed to ensure high mode purity of
the generated OAM beam. A slight increase in the grating length
from the precise grating length needed for 100% power coupling
would lead to power coupling back from LP11 mode to the
fundamental mode, leading to reduced mode purity of OAM beam.
On the other hand, a slight decrease in the grating length from the
precise grating length needed for 100% power coupling would
anyway result in poor mode purity of the OAM beam. So, even if
the other perturbation parameters remain constant and the grating
length varies, the power would couple from fundamental mode to
target mode and again coupled back to the fundamental mode [47].
Thus, the grating length must be chosen very carefully in
co-propagating coupling. On the other hand, in the case of FBG,
the mode coupling increases with grating length and then starts
saturating after a certain length, without power being coupled back
to the fundamental mode [46].

In this paper, I present a counter-propagating cladding mode-
assisted model for generating OAMmode in optical fiber. Contrary
to the conventional FBGs, the counter-propagating cladding mode-
based grating designs have added advantages of not requiring any
circulator or bulky prism to re-route the reflected mode, which in
general is needed to avoid the backreflected mode from damaging
the input laser cavity. The backward-propagating cladding mode
quickly gets absorbed by the polymer coating of the fiber. In
this model, I have considered a two-mode fiber, where the
fundamental core mode (HEx=y

11 vector mode), and the first

higher-order nearly degenerate modes (TE01, HEeven=odd
21 and

TM01 vector modes) are excited. These vector modes correspond
to the LP01 and LP11 modes in scalar mode approximation. A suit-
ably designed uniform FBG is considered inside the fiber core
region in order to reflect the fundamental mode by coupling with
the symmetric order cladding mode. I have then shown that
circularly polarized OAM (CP-OAM) mode or linearly polarized
OAM (LP-OAM) mode of ±1-order can be generated by
combining remaining higher-order vector modes by introducing
an appropriate phase shift between the participating modes.

2. Model and Theory

The generation of OAM modes is commonly achieved by
combining higher-order degenerate vector modes or scalar modes
with a phase difference of π

2. Consider two-mode fiber which, under
weakly guiding approximation, can support LP01 and LP11 modes.

LP01 mode represents the HEx=y
11 vector mode, and the first higher-

order mode LP11 represents quadruply degenerate vector modes,

namely TE01, HE
even=odd
21 , and TM01 vector modes.

Although many research groups have presented various
approaches to generate OAM mode, but nearly all of those studies
construct the vector modes using LP modes [1, 36, 48]. The LPlm

modes (l> 0) have degenerate even and odd forms. OAM mode
in optical fiber with topological charge (also called order of OAM
mode) l can be generated by superposing the degenerate LPlm

modes with ±π
2 phase difference.

OAM�l ¼ LPeven
lm � i LPodd

lm (1)

However, LPmodes do not represent the true eigenmodes of a fiber.
To accurately determine the mode field distribution in an optical
fiber, a comprehensive vector modal analysis is required. In spite
of this, most of the studies use approximate scalar modes with the
following transverse electric field distributions [1, 3] to obtain
OAM mode in fiber,

E r;φð Þ ¼ Flm rð Þ Φ lφð Þ (2)

A thorough explanation of the notation for different order vector
modes as defined in Equation (2), along with their respective field
orientations, is discussed in Ramachandran and Kristensen [1],
Ma et al. [2] and Mao et al. [3].

To investigate the generation of OAM modes in optical fibers
comprehensively, a full vectorial approach, devoid of any approximate
modes, is considered in this study. For an optical fiber, the
longitudinal field components satisfy the following differential equations,

@2Ψ

@r2
þ 1

r
@2Ψ

@r2
þ 1
r2
@2Ψ

@φ2 þ k20n
2 rð Þ � β2½ �Ψ ¼ 0 (3)

where Ψ = Ez and Hz, k0 is the free space propagation constant, the
distribution of refractive index is expressed by n(r), and β is the
propagation of the particular mode. The longitudinal field component
distribution for even core mode, HEeven

mn , across the various regions of
the optical fiber is well described in Snyder and Love [49],

Ez r;φð Þ ¼ AcJm κcrð Þ cos mφð Þ for 0 � r � a

¼ BcKm γcrð Þ cos mφð Þ for r � a

and

Hz r;φð Þ ¼ CcJm κcrð Þð� sin mφð ÞÞ for 0 � r � a

¼ DcKm γcrð Þð� sin mφð ÞÞ for r � a (4)

Similarly, for odd mode, HEodd
mn , the solutions are taken as,

Ez r;φð Þ ¼ AcJm κcrð Þ sin mφð Þ for 0 � r � a

¼ BcJm γcrð Þ sin mφð Þ for r � a

and

Hz r;φð Þ ¼ CcJm κcrð Þ cos mφð Þ for 0 � r � a

¼ DcJm γcrð Þ cos mφð Þ for r � a (5)

where κc ¼ k0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2c � n2eff

q
and γc ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2eff � n2cl

q
. The transverse

field components are then obtained from axial field components
using Maxwell’s curl equations [49, 50].
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In the full vectorial method, the transverse electric field of the
HEmn mode can be represented as follows:

HEeven
mn ¼ Eeven

r r;φð Þr̂ þ Eeven
φ r;φð Þ bφ

¼ ½Eeven
r r;φð Þ cos φð Þ � Eeven

φ r;φð Þ sin φð Þ�bx
þ ½Eeen

r r;φð Þ sin φð Þ þ Eeven
φ r;φð Þ cos φð Þ�by (6)

Similarly, the expression of electric field for odd HEmn mode, TE0n

mode, and TM0n mode can also be written [49].
Thus, we see that the vortex mode with ±1 order can be

obtained by linearly combining the different vector modes like
HEeven

21 and HEodd
21 , or HEodd

21 and TE01, or HEeven
21 and TM01.

Higher-order (±2) vortex mode can also be generated using a com-
bination of HEeven

31 and HEodd
31 modes or EHeven

11 and EHodd
11 modes.

The ±1 order vortex mode has the following form:

OAM�1 ¼ HEeven
21 � i HEodd

21

¼ HEodd
21 � i TE01

¼ HEeven
21 � i TM01 (7)

To verify that the resultant beam carries orbital angular momentum
(OAM), an interference (either coaxial interference or an off-axial
interference) between the generated vortex beam and a reference
Gaussian beam is performed. And by examining the resulting
interference pattern, the topological charge (also called order of
OAM mode) of the corresponding vortex beam can be determined.

3. Result and Discussion

3.1. Vortex mode generation

In this section, wewill discuss the OAMmode generation in fiber
by looking at two different configurations (i) for circularly polarized
OAM (CP-OAM) mode generation and (ii) for linearly polarized
OAM (LP-OAM) mode generation. In this analysis, the fiber under
consideration comprises an outer cladding region made of silica and
a core region doped with 3.1 mole % of GeO2 in SiO2, with a
radius of 6 μm and index contrast of 0.0047 has a V-number of
∼2.83 at wavelength of 1550 nm. The fiber diameter is set to
12 μm so that it can theoretically support six vector modes: HEx=y

11 ,
TE01, HEeven odd

21 , and TM01. By coherently combining these vector
modes, this fiber can theoretically support six OAM modes, as seen
in Equation (4), associated with ±1 topological charge.

A uniform Bragg grating [47] is written inside the core region. It is
well known that the fundamental HE11 mode is not a vortex mode [1].
Since OAM is not carried by the fundamental HE11 mode, its existence
just makes the OAM mode purity worse. Therefore, the undesirable
HE11 mode can be reflected back with the aid of a Bragg grating by
coupling it with a core mode or cladding mode, which will be
discussed in detail in section 3B.

3.1.1. Circularly polarized OAM mode generation
Here we numerically analyze the OAM mode with topological

charge l = ±1 by numerically setting a π
2 phase difference between

two degenerate HE21 modes. Because the HE21 modes are orthogo-
nally polarized, the OAMmodes that are generated will be circularly
polarized.

OAM�1 ¼ HEeven
21 � i HEodd

21 (8)

The intensity and phase distributions of the generatedOAMbeam are
illustrated in Figure 1. The annular intensity pattern with polarization
of HE21 mode can be clearly seen in Figure 2. Interference between
the generated annular beam and a spherical Gaussian beam has been
investigated to confirmwhether it is a vortex beam or not. Figure 1(a)
and (b) show the interference patterns of annular-shaped beam and
reference beam. As can be seen, the interference pattern is a spiral,
which indicates that the annular beam is a vortex beam. The
topological charge of the vortex beam (order of the OAM mode)
can be determined by counting the number of spiral rotations. The
single spiral interference pattern as shown in Figure 1(a) and (b)
clearly indicates the OAM−1 (clockwise) and OAM+1

(counterclockwise) mode, respectively. The phase distribution of
superposed two degenerate HE21 mode is displayed in Figure 1(c)
and (d). The rotation of the phases also indicates that the
doughnut-shaped beam is a vortex beam with a topological charge
l = ∓1, as the phase rotates only one time over 2π. When we
interfere the vortex beam with an off-axial plane wave, we can
see a fork-like fringe pattern; this is another signature of vortex
beam. The interference pattern between the vortex beam and the
reference plane wave is depicted in Figure 1(e) and (f). It can be
seen from these figures that the interference pattern of the vortex
beam and the plane wave are forked like fringes, the number of
the branch in each of these figures is one which equals the
topological charge of the vortex beam.

The coherent superposition of even and oddHE21 modes with a π
2

phase direction yields the circularly polarized OAM 1st-order mode.
By twisting or lateral squeezing the fiber, one can achieve this phase
delay between the degenerate modes. In literature, a number of very
innovative methods for generating π

2 phase difference between fiber
modes have been reported. McGloin et al. [51] have proposed a
straightforward approach to induce the phase difference by applying
stress to the fiber using rectangular lead weights. Li et al. [36] have
demonstrated that the phase difference can be obtained by using a rota-
tor and a flat slab. Here, we can realize the π

2 phase difference between
the HE21 even and odd modes by launching circularly polarized (CP)
light at the input end of the fiber. To generate the CP state of the input
light, a polarizer and quarter wave plate are used together.

3.1.2. Linearly polarized OAM mode generation
It is also possible to obtain the linearly polarized OAM±1 modes

by combining the other distinct vector modes defined in Equation (4)
(last 2 row). Among the four higher-order mode, HEeven

21 and HEodd
21

are strictly degenerated, having orthogonal polarization states and
the exact same effective refractive index, but the TE01 and TM01

mode have slightly different effective indices. The simulated effec-
tive indices of the vectors modes can be calculated as 1.44693224
(HE11), 1.44460120 (TE01), 1.44460061 (HE21), and 1.44459877
(TM01) at wavelength of 1550 nm. As we can see, the index
difference between adjacent first higher-order vector modes is
ΔnTE�TM � 6� 10�7 and ΔnHE�TM � 1:84� 10�7, which is
extremely small. With an inadequate index difference
(Δn � 10�5), we can claim that the two modes remain degenerate.
It is well known that TE and TM modes coexist alongside HE21

modes in multimode fiber. Because their index difference is so small,
they will pair to generate a linearly polarized mode at the output. The
field distributions of TE01, HEeven

21 , HEodd
21 , TM01 modes are depicted

in Figure 2 along with the field distribution of linearly polarized
(LP11) mode formed by superposing of HEodd

21 and TE01, and
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Figure 2
Top row (a and b): Modal intensity pattern and polarization distribution of first higher-order vector modes: HEodd

21 , TE01,
HEeven

21 ; and TM01. Bottom row (a and b): Intensity and polarization distribution of the mixing vector modes

Figure 1
Coaxial interference pattern of (a) OAM−1 and (b) OAM+1 with a reference Gaussian beam. Phase pattern of generated (c) OAM−1

and (d) OAM+1. Off-axial interference pattern of (e) OAM−1 and (f) OAM+1 with Gaussian beam
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HEeven
21 and TM01. So, their linear combination (see last 2 rows,

Equation (4)) generates linearly polarized vortex beam.
However, introducing a π/2 phase delay between them is

critical. Since the fundamental mode, HE11, does not carry OAM,
the technique that presented in this model is that to reflect this
undesirable HE11 mode by coupling it to the backward-
propagating cladding mode with a very narrow bandwidth at a
predetermined wavelength. Within this bandwidth, we have TE01,
HE21, and TM01 at the output (transmission) end. When the phase
difference between the modes is π

2, the OAM modes will be gener-
ated. And the phase difference between modes, Δϕ, is defined by
the mode propagation constant β as well as the length of the fiber,

Δφ ¼ βHE21 � βTE01ð Þ � L (9)

where L is the fiber length and m can be any integer m= 0, 1, 2, : : :
Therefore, theΔϕ between the modes can be controlled by varying the
fiber length, and as long as it is (m+ 1/2)π, the ±1-order LP-OAM
modes will be at the output, transmission end. Here, as an example,
I have plotted Figure 3 for x polarized OAM+1 light, and the same
procedure can be used for other linear polarization states as well.
As an illustration, the equation for x polarized OAM+1 generated by
the combination of TE01 and HEodd

21 is written as

OAMþ1 x̂ð Þ ¼ HEodd
21 � i TE01 (10)

The well-known signature interference pattern of the generated OAM
mode for the combinationTE01 andHEodd

21 is plotted in Figure 3(a). The
corresponding phase distribution is also plotted in the same figure
(Figure 3(b)). The same can also be obtained for other combination
as mentioned in Equation (4) (last 2 rows).

3.2. Fiber Bragg grating

Fiber Bragg gratings (FBG) are reflecting grating that are used
for counter-directional modal coupling between guided modes of
optical fiber [47, 52]. Their operational principle is based on (i)
the phase matching between the coupled modes, and (ii) modal
overlap between those modes over the grating region. The phase
matching condition is given by Kashyap [47],

β
µ

eff þ βν
eff þ κµ�µ þ κν�ν

� �
�Λ ¼ 2π (11)

whereβxeff is the effective index ofmode x, and κx�x is the self-coupling
coefficient of mode x. The wavelength at which the resonance coupling
occurs is given as

λR ¼
ðnµeff þ nνeff Þ
1
Λ
� κµ�µþκν�ν

2π

(12)

Here, nµeff and nνeff are the effective refractive indices ðnxeff ¼
βxeff

k0
Þ of

the two coupled modes, respectively, and k0 is the free space propa-
gation constant. In the grating region, the core refractive index gets
modified as,

nc zð Þ ¼ nc 1þ σ zð Þ 1þ cos
2π
Λ

z

� �� �	 

(13)

In this simulation, the considered fiber with a core diameter of
12 microns supports the fundamental mode (HE11) and first higher-
order mode group (TE01, TM01, and HE21). Since the fundamental
HE11 mode does not carry OAM, its presence only worsens the
OAM mode purity. To improve OAM mode purity we can (i) either
redirect power from HE11 mode to OAM-carrying HE21 mode, or
(ii) reflect back the HE11 mode. The first option, i.e., coupling
power between HE11 and HE21 modes, requires extremely high
control over the grating length as co-directional coupling
(LPG-based coupling) is always associated with periodic power
coupling between the coupled modes (see Figure 4), resulting in
deteriorated OAM mode purity. Two possibilities might arise: (a)
grating length is smaller than the optimum length, resulting in some
power still carried by HE11 mode, or (b) grating length is larger
than the optimum length, resulting in power coupled back to HE11
mode from the HE21 mode. Further, since the co-directional modal
coupling is extremely sensitive to external perturbations as
compared to the counter-directional modal coupling [46], a slight
change in the environmental conditions might jeopardize the
delicate grating length requirements. Contrast to the co-directional
coupling, the counter-directional coupling (FBG-based coupling) is
(i) free from periodic recouping of power, and (ii) relatively weakly
influenced by environmental perturbations.

As previously stated, the Bragg grating is a reflecting grating
that can be used to couple power between counter-propagating
modes. As a result, we can selectively reflect the undesirable
mode using FBG at the point of need. In this simulation, I used a
uniform non-tilted Bragg grating with a grating strength of

Figure 3
(a) Interference pattern and (b) phase pattern of generated OAM+1 mode for HEodd

21 - i TE01
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σ0 ¼ 10�4; σ is related to maximum RI perturbation (Δn) in the
grating region via Δn ¼ σnco. As we know, the symmetric gratings
couple modes with the same azimuthal numbers; therefore, the
fundamental core mode which has m= 1 can be coupled to the
counter-propagating cladding mode HE1n modes. For the optical
fiber parameters used in this study, the required grating period is
Λ= 0.543 μm to get a Bragg reflection at 1.55 μm, caused by grating
assisted resonant excitation of counter-propagating HE19 cladding
mode. In Figure 5(a), we have plotted the transmission spectrum
corresponding to HE11 core mode – HE19 cladding mode coupling
(red curve) and HE21 core mode – HE19 cladding mode coupling
(blue curve). As expected, no resonance is observed corresponding
to the HE21 core mode – HE19 cladding mode coupling, which
matches with our predictions. Fiber Bragg gratings with uniform
refractive index modulation exhibit a series of sidelobes at both sides
of the Bragg wavelength, as shown in Figure 5(a). These sidelobes
appear in the reflection spectrum due to abrupt changes in the RI
profile at the grating boundaries. Therefore, it is essential to minimize

and, if at all feasible, eliminate these sidelobes in order to have low
sidelobe suppression (SLS) ratio. This means that as the sidelobes
become less prominent, there is a clearer and more prominent
reflection peak. This is particularly advantageous in applications
requiring high spectral purity, such as wavelength division
multiplexing (WDM) systems, high-precision sensors, and others.
Decreased sidelobe levels lead to a cleaner signal with less
interference from neighboring channels, thereby improving the
signal-to-noise ratio. The grating apodization, which is a variation
of RI modulation strength along the grating length, is a
very well-known technique used to reduce the sidelobes. Apodiza-
tion involves a gradual tapering of the refractive index
modulation, which mitigates abrupt transitions, resulting in a sig-
nificant suppression of sidelobes. In this simulation, I have used a
raised-cosine apodized grating profile which has the following
form for its grating strength,

σ zð Þ ¼ σ0cos
π z � L

2

� �
L

� �
(14)

Figure 5(b) shows the transmission spectra of uniform period FBG
with raised-cosine apodization profile. Changing the amplitude
modulation depth has a notable impact on the spectral properties
and performance of the Bragg grating, including (i) Reflectivity,
(ii) Bandwidth, and (iii) sidelobe Suppression. Higher modulation
depths correspond to greater refractive index changes, resulting in
stronger reflection peaks and larger bandwidth, but can also
elevate sidelobe levels. A tradeoff will exist between sidelobes
and high modulation depth. Therefore, the apodized grating has
been considered in order to have high reflectivity while
minimizing sidelobe levels. As can be seen, the sidelobe is
suppressed and ripples are reduced. As the fundamental mode is
coupled to a backward-propagating cladding mode by FBG, a

Figure 4
Variation of transmission of LPG (blue) and reflection

of FBG (green) with grating length

Figure 5
Transmission spectrum for HE11 core mode-HE19 cladding mode coupling (red) and HE21 core mode-HE19 cladding mode coupling
(blue) (a) without apodization and (b) with pure cosine apodization. Intensity of (HE21 + HE11) at the (c) resonance wavelength

and (d) at the edge of the transmission point of bandwidth
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doughnut-shaped intensity profile is anticipated at the output end. As
we approach the band edge, the presence of theHE11 mode leads to the
gradual fading of the distinctive doughnut-shaped intensity profile.
Here, we would like to mention that the bandwidth of high mode
purity OAM mode can be broadened by increasing the grating
strength and/ or, more preferably, by using appropriately chirp
Bragg gratings. The cumulative intensity profile of HE11 mode +
HE21 mode at two different wavelengths: one at the dip of the
transmission spectra (maroon circle in Figure 5(a)) and the other at
the transmission edge point (green square in Figure 5(a)) are shown
in Figure 5(c) and (d), respectively. The annular shape clearly
shows that only HE21 mode exists at the flattened resonance
wavelength around 1.55 μm, whereas the Gaussian-like intensity
profile indicates that both HE21 and HE11 modes exist outside the
grating bandwidth at the output end.

To have a purelyHE21 mode, we must also suppress the TE and
TM modes, which can be accomplished by coupling the forward-
propagating TE and TM modes to counter-propagating cladding
TE and TM modes by employing two additional uniform gratings
with the appropriate grating period. Here, I would like to mention
that reflecting unwanted core modes by means of coupling those

to counter-propagating core modes, would risk damaging the
light source at the input end of the fiber. In contrast to this, the
energy coupled to the counter-propagating cladding modes is
dissipated by absorption in the fiber jacket and therefore in this
analysis, I have considered power coupling to a higher-order
cladding mode.

3.3. Verification of the model

Using a similar approach, OAMmode with higher order can also
be generated. To show that the even and odd combination of HEmn
mode can produce OAM mode of order l = m − 1 (also called
topological order l), I carried out the same procedure for HE11,
HE21, and HE31 modes. In order to support many guided modes, in
the subsequent study we have considered fiber with a core radius of
9.6 μm. The intensity distribution and the interference pattern for
each generated OAM mode of order l are plotted in Figure 6. The
intensity and coaxial interference of HE11 mode have been shown
in Figure 6(a) and (b), respectively. We can see that no spiral
fringes are observed, which indeed imply that HE11 mode has zero
topological charge, l= 1 − 1= 0, which also indicates that HE11

Figure 6
Intensity distribution of (a) HE11, (c) HE21, and (e) HE31 core modes. Interference pattern of OAM+l

for (b) HEeven
11 + iHEodd

11 (d) HEeven
21 + iHEodd

21 and (f) HEeven
31 + iHEodd

31
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does not carry OAM. The doughnut-like shape in Figure 6(c) and (e)
clearly indicates the higher topological order (l= 1 and l= 2) OAM-
carrying modesHE21 andHE31, which can be verified by looking into
the interference pattern.

We can see that the higher the azimuthal number, the wider the
central dark region. In addition, the corresponding interference patterns
are depicted in Figure 6(d) and (f), respectively. The single spiral in
Figure 6(d) confirms that the generated mode is a vortex mode of
order l= 2 − 1= 1 while the double spiral in Figure 6(f) clearly
shows the output mode is a second-order (l= 3 − 1= 2) vortex mode.

4. Conclusion

An analysis of OAM-carrying modes in optical fiber has been
presented using the true vector modal analysis of a few-mode
optical fiber. In contrast to the widely used artificial construction of
vector modes using the approximate LP modes, this study is based
on exact vector modes: TE, TM, and HE modes of the optical fiber.
An appropriately designed raised-cosine apodized Bragg grating is
considered to reflect back the undesirable HE11 core mode by
coupling it to counter-propagating cladding mode and a π

2 phase shift
between the appropriate modes has been considered for OAM mode
generation. In contrast to the long-period grating-based OAM mode
generation, the present scheme is free from periodic back-coupling
of optical power into the fundamental core mode, thereby drastically
enhancing theOAMmode purity over the gratingwavelengthwindow.
By combining different higher-order modes we have obtained both the
linearly polarized OAMmode as well as the circularly polarized OAM
mode. Finally, I have also shown that in fibers with larger core radius,
the higher-order OAM mode of topological charge ±2 or higher can
also be generated using a similar approach. The topological charge
of the OAM mode has been verified by observing both the coaxial
as well as off-axial interference fringes. Our model is relatively
straightforward as it consists of standard fiber gratings instead of spe-
cially designed fibers such as ring-shaped fibers or other complex
designs, as mentioned in the introduction.
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