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Abstract: In this work, bending-induced deterioration of orbital angular momentum (OAM) modes in
ring core fiber (RCF), photonic crystal fiber (PCF), and vortex fiber (VF) was theoretically investigated:
Bending losses, coupling losses, and intermodal crosstalk at the interface between straight and
bent optical fibers were investigated from the modal analysis of those three types of OAM mode
fibers. In addition, the degradation of a topological charge number of an OAM mode due to
the bending-induced birefringence and horizontal mode asymmetry was also investigated. Our
investigation revealed that, in all aspects, the PCF is most robust to bending among the three types of
optical fibers, and the most serious bending-induced problem in the VF and the RCF is the degradation
of the topological charge number. The allowed minimum bending radii of VF and RCF appeared to
be ~15 and ~45 mm, respectively, for the specific structures considered in this work. We expect that
the methodology and results of our quantitative analysis on bending-induced degradation of OAM
modes will be of great use in the design of OAM mode fibers for practical use.

Keywords: orbital angular momentum (OAM), vortex fiber; ring core fiber; photonic crystal fiber;
fiber bending effect; topological charge number

1. Introduction

In accordance with increasing traffic on optical communication networks, a spatial mode division
multiplexing scheme based on orbital angular momentum (OAM) modes have attracted great attention
in recent years [1-4]. By taking advantage of its unique property, that is, a helical phase front expressed
as exp(-il$), where [ is a topological charge number, and ¢ is an azimuthal angle, an OAM beam can have
numerous modes distinguished by the topological charge number I. To exploit this characteristic, there
have been various theoretical and experimental studies on the generation, coupling, and multiplexing
of OAM modes in fiber-optic communication [5-9]. In spite of the fact that the fiber bending is
inevitably involved in practical uses of the optical fibers, the effect of the fiber bending on OAM mode
propagation has not been studied sufficiently with theoretical and numerical bases. There have only
been a few investigations on the additional propagation loss or OAM mode deformation caused by the
bending [10-12]. More serious impairments on OAM modes due to the fiber bending have not been
investigated in depth. For example, since the OAM mode is basically composed of two degenerate
eigenmodes of opposite spatial symmetry which are excited with a relative phase difference of 90°,
the additional phase difference caused by the effective index variation of the eigenmodes in the bent
fiber will impair the OAM mode. In addition, the mode profile deformation in the bent optical fibers
will cause intermodal crosstalk and coupling loss at the intersection between the bent and the straight
parts of fibers. All these impairments should be investigated quantitatively for the practical use of
OAM fibers.

In this paper, we theoretically investigated the bending-induced impairments on a OAM; - _; mode
in three types of optical fibers: Vortex fiber (VF) [13], ring core fiber (RCF) [11], and photonic crystal

Photonics 2019, 6, 97; doi:10.3390/photonics6030097 www.mdpi.com/journal/photonics


http://www.mdpi.com/journal/photonics
http://www.mdpi.com
https://orcid.org/0000-0002-2865-5709
http://dx.doi.org/10.3390/photonics6030097
http://www.mdpi.com/journal/photonics
https://www.mdpi.com/2304-6732/6/3/97?type=check_update&version=2

Photonics 2019, 6, 97 20f7

fiber (PCF) [10,14]. The bending effects were investigated in terms of the bending loss, topological
charge number degradation, and intermodal crosstalk.

2. Methods

Figure 1 shows the cross-sections and the refractive index profiles (along the radial direction) of
the three types of optical fibers that were investigated in this work. Those three types of fibers (VE, RCEF,
and PCF) were chosen as the representative types of OAM mode fibers that have been designed or
experimentally demonstrated in the recent literature. The specific structures of the chosen fiber types
were also adopted from the literature [10,11,13,14]. The PCF structure considered in reference [10],
where its bending loss was investigated numerically, was first chosen, and then, the structures of
VF and RCF of about the same mode sizes as the PCF were chosen for a fair comparison. In the VE,
depicted in Figure 1a,d, there are three different core regions whose radii and refractive indices are
r{ =4 pm, rp =3 um, r3 = 1.5 um, n; = 1.44, n; = 1.48, n3 = 1.433, and ng = 1.455, respectively [13]. As
presented in Figure 1b,e, the RCF has only two separate regions composed of the ring-shaped core
and the clad. In this work, we considered one of the previously demonstrated RCF structures [11],
whose structural parameters are r; = 6.7 pm, r; = 1.9 um, ny = 1.444, and np = 1.473 at 1.55 pm. The
PCF, depicted in Figure 1c,f, consists of the central point defect (enlarged air hole) of d; = 2.4 um and
the ring-shaped defect (absence of air holes) in the concentrically arranged air holes of d, = 1.6 um
embedded in the matrix of n = 1.444 [10,14]. In all the fiber structures, step index profiles were assumed
for simplicity.
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Figure 1. Schematic diagrams of orbital angular momentum (OAM) fiber cross-sections of (a) a vortex
fiber (VF), (b) a ring-core fiber (RCF), and (c) a photonic crystal fiber (PCF), and their refractive index
profiles along the radial direction: (d) VF, (e) RCFE, and (f) PCE.

To investigate bending effects in each fiber, we used a commercial finite difference method
(FDM)-based software (Lumerical Bent Waveguide Solver). Furthermore, to quantify the OAM mode
quality, the purity of the OAM modes was assessed by the direct numerical calculation of topological
charge numbers from the field profiles. All calculations were conducted at the wavelength of 1.55 um.
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3. Results

Each OAM mode guided in an optical fiber is formed by combining two degenerate eigenmodes
(HEp1-cven and HEp1_oqq) with a 90° relative phase difference. Figure 2 shows the field (Ex) and the
phase profiles of OAM, = _; mode and the field profiles of its compositional eigenmodes (HE1 ¢ven
and HEj1.,qq) in the three types of optical fibers considered in this work.
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Figure 2. Electric field intensity distributions of OAM] = _; modes and Ex component distributions of
their compositional eigenmodes (HE1 even, HEp1-044)- All of the electric field intensities and amplitudes
are normalized.

To examine the bending effects of OAM mode, we first analyzed two compositional eigenmodes
(HEp1-even and HEjp1_4q4) of OAM; = _1 mode in bent optical fibers. Figure 3a shows the field (Ex)
amplitude distributions of HEpj_eyen and HE1 g4 modes in those three types optical fibers, where the
bending occurs in the horizontal direction and the radius of the bending is 6 mm. One can see that in
all the optical fibers, the eigenmodes become asymmetric in the horizontal direction, as previously
discussed in reference [11], which results in a mode mismatch and a coupling loss at the interface to a
straight optical fiber. The bending of the fibers also causes propagation losses due to the radiation in
the radial direction and makes the propagation constants of the eigenmodes complex. Figure 3b shows
the propagation losses of the compositional eigenmodes due to the bending as a function of a bending
radius, which were calculated from the imaginary part of the propagation constants of the eigenmodes,
which is given by

2”X1"7<”eff)

Loss = —20logyo(e M0 ). 1)
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Figure 3. (a) Electric field (Ex) amplitude distributions HEp1_even, HE21-0q4 modes in the bent OAM
fibers, where all of the electric field intensities and amplitudes are normalized. (b) Bending-induced
losses of HEpj_eyen and HEj1_oqq modes of the OAM fibers as a function of a bending radius.

As one can see, all the compositional eigenmodes show very low loss even for a tight bending with
a bending radius down to 2 mm. Since OAM, = _; and OAM,; - ;1 modes share the same compositional
eigenmode (only the sign of the relative phase difference between HEj; cven and HEjj g4 modes
are different), so we can conclude that the bending losses of OAM; = .1 modes are quite small and
negligible in practical use. This contrasts sharply with a conventional single mode fiber (SMF), which
suffers from a huge bending loss at 2 mm bending radius. It is surmised that the low bending losses of
the OAM fibers stem from their larger core sizes.

In contrast to the negligible bending losses, the horizontally asymmetric profiles of the
compositional eigenmodes bring about serious impairments, which has not been investigated in
depth in the previous studies. As seen in Figure 3a, HE1 ¢yen and HE31 g4 modes of the bent OAM
fibers do not match the ones of the straight fibers. So, the coupling loss occurs at the interface between
the bent and the straight fibers.

Figure 4 shows the power coupling efficiency between the straight and bent OAM fibers as a
function of a bending radius, which were calculated from the mode overlap integral [15]:

2
J;f E1(x,y) - Ea(x, y)dxdy

{f |E1 (x, ) )2dxdyfsf |E2(x, ) )zdxdy

Overlap = 2

where the subscripts 1 and 2 represent the straight and the bent fibers, respectively. While the PCF
shows almost no degradation in the coupling efficiency, the VF and the RCF show serious coupling
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efficiency degradation for the bending radius smaller than 10 mm. The broken horizontal symmetry
of the eigenmodes in the bent fiber also raises crosstalks to other guided modes such as HE{1-¢ven,
HE11.04d4, TE, and TM modes when coupled to the straight fibers. Figure 5a,b show, respectively,
the crosstalks from HEj ¢ven and HE»1.oq44 modes to the other lower-order modes in the straight VE.
For both the eigenmodes, considerable crosstalks occur for the bending radius smaller than 10 mm.
Obviously, the bending radius range of the serious crosstalk increase is almost the same as that of the
coupling efficiency drop. For the RCF, considerable crosstalk increases are observed for the bending
radius smaller than 20 mm, which are not shown here. In this work, the VF and the RCF structures
supporting only OAM, = .1 modes have been considered. If the dimensions of those fibers are increased,
higher-order OAM modes will be supported. In this case, it is straightforward that bending will
cause crosstalks among the OAM modes, which will be a serious problem in spatial mode division
multiplexing communications. Whereas, for the PCF, the crosstalks are negligible even for a bending
radius down to 2 mm, as expected from the coupling efficiency dependence on a bending radius, which
is not shown here.
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Figure 4. Power coupling efficiency of HEp1 cyen and HE1.ogq modes at the interface between the bent
and the straight OAM fibers as a function of bending radius.
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Figure 5. Modal crosstalk to other eigenmodes: (a) From HEjj_¢yen and (b) HEp;_oqq modes.

The fiber bending also induces birefringence in addition to the horizontal symmetry breaking of
the eigenmodes, that is, the effective indices of HE»1.eyen and HEj1 gq modes become different in the
bending region. The birefringence affects the relative phase difference between HEj1 even and HE31 44q
modes as the OAM mode propagates through the bending region and consequently, OAM mode will
be ruined or become impure. The field after passing through a 90° bending is expressed as

-2 . 2
Eout — CgEevenel%nbmd,even %ﬁf + CgEoddel(%+Tnnhend,odd %rb) (3)
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where Ecyen/odd represents a field profile of HEjqeven/odd, Ce/o Tepresent a power coupling ratio of
HEj1 evenjodd from a straight to a bend fibers, npeng even/odd is an effective index of HE1 evenjodd in
the bending region, and ry, is a bending radius. To investigate the purity of the OAM mode after
passing through a 90° bending, we calculated a topological charge number from the field distribution
of Equation 3 [16,17], which is plotted as a function of a bending radius in Figure 6. The VF and the
RCF show serious OAM mode purity degradation for bending radii smaller than ~15 and ~45 mm,
respectively. Compared to the cases of the coupling loss and the crosstalk, the OAM mode purity
degradation occurs at the larger bending radius and more rapidly as a bending radius decreases which is
because both the broken horizontal symmetry of the eigenmode and the birefringence affect OAM mode
purity. However, the PCF shows high OAM mode purity even for a bending radius down to 4 mm.
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Figure 6. Topological charge number degradation after 90° bending for various bending radii.

From our investigation, the OAM mode purity degradation and the crosstalk appear to limit the
minimum bending radius in the practical use of the OAM fibers, not the bending loss. It also appears
that the bandgap-guiding mechanism in the PCF is more robust to bending than the index guiding in
the VF and the RCF.

4. Conclusions

OAM mode degradation in the types of optical fibers was investigated. Our investigation reveals
that the intermodal crosstalk and the OAM mode purity degradation, rather than the bending loss,
limits the minimum allowed bending radius. Considering overall performance degradation, the PCF
is most robust to the bending, maintaining its performance even for a tight bending radius of ~4 mm.
The VF is more robust to bending than the RCF, and their allowed minimum bending radii appear to
be ~15 and ~45 mm, respectively, for the specific structures considered in this work. We expect that the
methodology and results of our quantitively analysis on bending-induced degradation of the OAM
mode will be of great use in the design of OAM mode fibers for practical use.

Author Contributions: Conceptualization, I.].L. and S.K.; formal analysis and investigation of OAM modes in the
bent optical fibers, I.].L. and J.S.; writing—original draft preparation, L].L. and J.S.; writing—review and editing,
S.K.; supervision, S.K.

Acknowledgments: This work was supported by the research fund of Signal Intelligence Research Center,
supervised by Defense Acquisition Program Administration and Agency for Defense Development of Korea.

Conflicts of Interest: The authors declare no conflict of interest.



Photonics 2019, 6, 97 7of7

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Zhou, N.; Zheng, S.; Cao, X,; Gao, S.; Li, S.; He, M.; Cai, X.; Wang, J. Generating and synthesizing
ultrabroadband twisted light using a compact silicon chip. Opt. Lett. 2018, 43, 3140-3143. [CrossRef]
[PubMed]

Rui, G; Gu, B,; Cui, Y,; Zhan, Q. Detection of orbital angular momentum using a photonic integrated circuit.
Sci. Rep. 2016, 6, 28262. [CrossRef] [PubMed]

Mirhosseini, M.; Magafia-Loaiza, O.S.; O’Sullivan, M.N.; Rodenburg, B.; Malik, M.; Lavery, M.P; Padgett, M.].;
Gauthier, D.J.; Boyd, R.W. High-dimensional quantum cryptography with twisted light. New J. Phys. 2015,
17,033033. [CrossRef]

Zhou, N.; Wang, J. Metasurface-assisted orbital angular momentum carrying Bessel-Gaussian Laser: Proposal
and simulation. Sci. Rep. 2018, 8, 8038. [CrossRef] [PubMed]

Zhang, J.; Zhu, G,; Liu, J.; Wu, X;; Zhu, J.; Du, C.; Luo, W,; Chen, Y.; Yu, S. Orbital-angular-momentum
mode-group multiplexed transmission over a graded-index ring-core fiber based on receive diversity and
maximal ratio combining. Opt. Express 2018, 26, 4243—-4257. [CrossRef] [PubMed]

Zhang, Z.; Gan, ].; Heng, X,; Li, M,; Li, J.; Xu, S.; Yang, Z. Low-crosstalk orbital angular momentum fiber
coupler design. Opt. Express 2017, 25, 11200-11209. [CrossRef] [PubMed]

Zhang, Y.; Chen, Y.,; Zhong, Z.; Xu, P.; Chen, H.; Yu, S. Orbital angular momentum (OAM) modes routing in
a ring fiber based directional coupler. Opt. Commun. 2015, 350, 160-164. [CrossRef]

Niederriter, R.D.; Siemens, M.E.; Gopinath, J.T. Continuously tunable orbital angular momentum generation
using a polarization-maintaining fiber. Opt. Lett. 2016, 41, 3213-3216. [CrossRef] [PubMed]

Zeng, X.; Li, Y,; Feng, L.; Wu, S.; Yang, C.; Li, W,; Tong, W.; Wu, ]J. All-fiber orbital angular momentum mode
multiplexer based on a mode-selective photonic lantern and a mode polarization controller. Opt. Lett. 2018,
43,4779-4782. [CrossRef] [PubMed]

Jiao, X.; Zhang, H.; Li, H.; Zhang, X.; Xi, L.; Zhang, Z. Macro-bending Losses of Circular Photonic Crystal Fiber
Supporting 14 OAM Modes. In Proceedings of the 2018 Asia Communications and Photonics Conference
(ACP), Hangzhou, China, 26-29 October 2018; IEEE: Piscataway, NJ, USA, 2018; pp. 1-3.

Yan, H.; Li, S.; Xie, Z.; Zheng, X.; Du, C.; Zhang, H.; Zhou, B. Deformation of orbital angular momentum
modes in bending ring-core fiber. Chin. Opt. Lett. 2017, 15, 030501.

Gregg, P.; Kristensen, P.; Ramachandran, S. Conservation of orbital angular momentum in air-core optical
fibers. Optica 2015, 2, 267-270. [CrossRef]

Bozinovic, N. Orbital Angular Momentum in Optical Fibers. Ph.D. Thesis, Boston University, Boston, MA,
USA, 2013.

Zhang, H.; Zhang, X.; Li, H,; Deng, Y.; Xi, L.; Tang, X.; Zhang, W. The orbital angular momentum modes
supporting fibers based on the photonic crystal fiber structure. Crystals 2017, 7, 286. [CrossRef]

Liu, A.; Zou, C.; Ren, X.; Wang, Q.; Guo, G. On-chip generation and control of the vortex beam. Appl. Phys.
Lett. 2016, 108, 181103. [CrossRef]

Lee, L].; Kim, S. On-Chip Guiding of Higher-Order Orbital Angular Momentum Modes. Photonics 2019, 6, 72.
[CrossRef]

Barnett, S.M. Optical angular-momentum flux. J. Opt. B Quantum Semiclass. Opt. 2001, 4, S7. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1364/OL.43.003140
http://www.ncbi.nlm.nih.gov/pubmed/29957801
http://dx.doi.org/10.1038/srep28262
http://www.ncbi.nlm.nih.gov/pubmed/27321916
http://dx.doi.org/10.1088/1367-2630/17/3/033033
http://dx.doi.org/10.1038/s41598-018-26361-0
http://www.ncbi.nlm.nih.gov/pubmed/29795236
http://dx.doi.org/10.1364/OE.26.004243
http://www.ncbi.nlm.nih.gov/pubmed/29475276
http://dx.doi.org/10.1364/OE.25.011200
http://www.ncbi.nlm.nih.gov/pubmed/28788800
http://dx.doi.org/10.1016/j.optcom.2015.04.014
http://dx.doi.org/10.1364/OL.41.003213
http://www.ncbi.nlm.nih.gov/pubmed/27420498
http://dx.doi.org/10.1364/OL.43.004779
http://www.ncbi.nlm.nih.gov/pubmed/30272738
http://dx.doi.org/10.1364/OPTICA.2.000267
http://dx.doi.org/10.3390/cryst7100286
http://dx.doi.org/10.1063/1.4948519
http://dx.doi.org/10.3390/photonics6020072
http://dx.doi.org/10.1088/1464-4266/4/2/361
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Results 
	Conclusions 
	References

