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Abstract. The aim of the paper is to calculate the mode set in weakly guiding 

fibers using a calculation of the eigenmodes of the optical fiber with a step 

index of refraction. The superposition of modes with various properties of self-

reproduction for a given set of physical characteristics was determined. The 

propagation of light signals in the non-ideal optical waveguides has been 

studied by computer simulation using the commercial software BeamProp. 
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Introduction 
The optical fiber is considered now to be the perfect physical environment for 

information transfer as well as the most preferable environment for significant data 

flows over considerable distances. Optical fibers have wider applications in computer 

networking and telecommunications thanks to a number of the features inherent in 

optical waveguides. 

Success achieved in the production of optical fibers allows information to be 

transferred at high speeds over hundreds of kilometres without regeneration of a 

signal. High-noise immunity, safety of the transmitted data and electromagnetic 

compatibility of communication channels are serious arguments in favour of fiber-

optical systems. 

There are two types of optical fibers: single-mode and multi-mode. Fibers with 

various refractive index profiles (step-index profile or gradient-index profile) are 

used, depending on the field of application. For step-index optical fiber, a refractive 

index profile characterized by a uniform refractive index within the core and a sharp 

decrease in the refractive index at the core-cladding interface is used so that the 

cladding is of a lower refractive index. Gradient-index fiber is an fiber whose core has 

a refractive index that decreases with increasing radial distance from the optical 

axis of the fiber. In this investigation, we have looked at fibers with a step profile 

index of refraction because of their wide extension. 

The term "mode division multiplexing" (MDM) is used for multimodal optical 

fibers when describing methods for data transmission channel multiplexing, with each 
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spatial fiber mode being treated as a separate channel that carries its own signal [1,2]. 

The essence of mode division multiplexing is as follows: as a linear superposition of 

fiber modes, laser beams can be used to generate signals that will effectively transmit 

data in a physical carrier - a multimodal fiber; the data transmitted can be contained 

both in the modal composition and in the energy portion associated with each laser 

mode [3-13]. In addition, the division of the vortex basis connected with orbital 

angular momentum is especially perspective [7-14]. 

Recent years have witnessed a number of research activities in the field of singular 

optics [15, 16, 25-27]. In terms of quantum theory vortex modes they are 

characterized as spin-orbital states that the current speed of transfer on one fiber 

allows to increase repeatedly without additional polarizing multiplexing. 

1. Mode set in weakly guiding stepped-index fibers 
Use of the diffraction optical elements is the most popular method for devices of 

generation and selection of vortex modes [8, 10, 17-21]. For most popular commercial 

fibers, the core-cladding index contrast, Δn = n1–n2, is less than 1%. For such fibers, 

termed weakly guiding fibers, assuming n1≅n2, in place of the hybrid modes of the 

propagating electromagnetic field we can consider their linearly polarized 

superpositions. Considering that for the LP-mode the transverse field is essentially 

linearly polarized, a complete set of modes takes place when only one electric and one 

magnetic component are predominant.  

The aim of this study is to simulate an ideal optical fiber with a superposition of 

linearly polarized modes determined by the given physical characteristics of a 

possible set of modes and their superpositions, with various properties of self-

reproduction. 

Moreover, the intention is to study the propagation of light signals in non-ideal 

optical waveguides with a Beam PROP simulation tool (RSoft Design, USA), which 

implements the well-known Beam Propagation Method (BPM). 

To research a set of modes, we considered the weakly guiding cylindrical optical 

fiber with a step profile of index of refraction. The core radius is a, the cladding 

radius is b and the respective refractive indices of the core and cladding are n1 and n2 

(Fig.1). The electromagnetic field extending in such a waveguide is conveniently 

described using the Bessel functions [22-24]. 

 

 

 

 

 

 

 

 

 

 

Fig. 1. – The structure of a typical single-mode fiber 

 

https://en.wikipedia.org/wiki/Single-mode_fiber
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Approximation LP-modes are applicable for weakly guiding fibers: 
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In Eq. (1), the first-kind Bessel functions  pJ x  describe the field in the fiber 

core, whereas the modified Bessel functions  pK x  are used for the cladding. 
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  form the cut-off number and λ 

is the wavelength of laser light in air. The cut-оff number V, which includes the main 

parameters of fibers and laser radiation, is the number of modes propagating in the 

fiber. The numerical simulation parameters are as follows: the core radius is a=5μm, 

the cladding radius is b=62.5 μm, and the respective refractive indices of the core and 

cladding are n1=1.45 and n2=1.44. For example, when λ=0.633 m and V≈8,4398, 

fiber with the above parameters in addition to the fundamental mode LP01 will 

behave as LP02, LP03, LP11, LP12, LP21, LP41. Figure 2 shows cross-section 

distributions for some modes for a stepped-index fiber with the cut-off number 

V=8.4398.  

 

Fig. 2. – Superposition of the (p,q) modes: (1,1)+(–1,1) with different complex coefficients: (a) 

transverse amplitude distribution, (b) transverse intensity distribution, and (c) phase in the 

plane z=0, and (d) phase distribution at distance z=200 μm 

We consider the propagation of a linear superposition of LP-modes in an ideal 

stepped index optical fiber: 
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where pqC  are the complex coefficients and ( , )pq r    are the modes at z=0, whose 

angular component is represented in a different way without a loss of generality: 
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Fig. 3. – The (p,q) modes: (0,3), (1,2), (2,1), (4,1): (a) transverse amplitude distribution 

(negative), (b) transverse intensity distribution (negative) in the plane z=0; transverse phase 

distribution (white: zero phase, black: 2π) in the planes (c) z=0 and (d) z=100 μm 

Models of optical fibers with the different parameters, structures and shapes have 

been established in the software BeamProp in order to research, analyse and compare 

non-ideal optical waveguides (Fig. 4).  

 

 

 

 

 

 

Fig. 4. – Various models of waveguides 

The main characteristic of optical fiber is the set of modes extending within it 

(Fig. 5).  
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Fig. 5. – Some of the modes supported by a simple 3D fiber structure 

Figure 6 shows the distribution of radiation S-shaped optical fiber and power of 

the propagating radiation. 

 

 

Fig. 6. – The completed s-bend circuit in the CAD window; the simulation results found using 

the arc waveguides 

Figure 7 shows the distribution of radiation of X-shaped coupler and the power of 

the propagating radiation zero and first modes. 

By modelling the propagation of radiation in optical fibers, it is possible to 

determine their output values and make sure the elements have the given parameters, 

and to predict their behaviour depending on external influences. 
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Fig. 7. – X-shaped coupler 

Conclusions 
Using the BeamProp program it is possible to investigate various samples of non-

ideal optical fibers with a step profile of index of refraction, according to following 

characteristics: 

─ profile and index of refraction; 

─ difference of indices of refraction; 

─ waveguide length; 

─ a type of function on which the index of refraction changes; 

─ etc.  

Studying the resistance of vortex modes to fiber bends under various 

characteristics of a core and cover of optical fiber is of great interest for the 

researchers. 

 

Acknowledgements 

This work was financially supported by the Russian Ministry of Education and  

Science. 



Computer Optics and Nanophotonics  Aleksandrova A.V. Calculation of mode set… 

43 

Information Technology and Nanotechnology (ITNT-2015) 

References 
1. Berdague S, Fasq P. Mode division multiplexing in optical. Applied Optics, 1982; 21: 

1950-1955. 

2. Levi L. Applied optics. John Wiley & Sons Inc, 1980. 

3. Amin AA, Li A, Chen S, Chen X, Gao G, Shieh W. LP11mode 4×4 MIMO-OFDM 

transmission  over  a  two-mode  fiber. Optics  Express, 2011; 19(17): 16672-16679. 

4. Randel S. 6×56-Gb/s mode-division multiplexed transmission over 33-km few-mode fiber 

enabled by 6×6 MIMO equalization. Optics Express, 2011, 19(17): 16697-16707. 

5. Hanzawa N, Saitoh K, Sakamoto T, Matsui T, Tomita S, Koshiba M. Demonstration of 

mode-division multiplexing transmission over 10 km two-mode fiber with mode coupler. 

Optical Fiber Communication Conference and Exposition (OFC/NFOEC), 2011. 

6. Chen Xi, Jia Ye, Yue Xiao, An Li, Jiayuan He, Qian Hu, William Shien. Equalization 

of two-mode fiber based MIMO signals with larger receiver sets. Optics Express, 2012; 

20(26): B413-B418. 

7. Wang Z, Zhang N, Yuan XC. High-volume optical vortex multiplexing and de-

multiplexing for free-space optical communication. Optics Express, 2011; 19: 482-492. 

8. Khonina SN,  Kazanskiy NL, Soifer VA. Optical Vortices in a Fiber:  Mode Division 

Multiplexing and Multimode Self-Imaging. Recent Progress in Optical Fiber Research, 

2012. 

9. Sakaguchi J. Space Division Multiplexed Transmission of 109-Tb/s Data Signals Using 

Homogeneous Seven-Core Fiber. Journal of Lightwave Technology, 2012; 30(4): 658-665. 

10. Kirilenko MS, Khonina SN. Information Transmission Using Optical Vortices. Optical 

Memory and Neural Networks (Information Optics), 2013; 22(2): 81-89. 

11. Bozinovic N, Yue Y, Ren Y, Tur M, Kristensen P, Huang H, Willner AE, 

Ramachandran S. Terabit-scale orbital angular momentum mode division multiplexing in 

fibers. Science, 2013; 340: 1545-1548. 

12. Lyubopytov VS, Tlyavlin AZ, Sultanov AKh, Bagmanov VKh, Khonina SN, Karpeev 

SV, Kazanskiy NL. Mathematical model of completely optical system for detection of 

mode propagation parameters in an optical fiber with few-mode operation for adaptive 

compensation of mode coupling. Computer Optics, 2013; 37(3): 352-359.  

13. Huang H, Xie G, Yan Y, Ahmed N, Ren Y, Yue Y, Rogawski D, Willner MJ, Erkmen 

BI, Bimbaum KM, Dolinar SJ, Lavery MPJ, Padgett MJ, Tur M, Willner AE. 100 

Tbit/s free-space data link enabled by three-dimensional multiplexing of orbital angular 

momentum, polarization, and wavelength. Optics Letters, 2014; 39(2): 197-200. 

14. Willner AE. Optical communications using orbital angular momentum beams. Advances 

in Optics and Photonics, 2015; 7(1): 6-106. 

15. Soskin MS, Vasnetsov VM. Singular Optics. Progress in Optics, 2001; 219-276. 

16. Padgett MJ, Courtial J, Allen L. Light’s Orbital Angular Momentum. Physics Today, 

2004; 35-40. 

17. Khonina SN, Skidanov RV, Kotlyar VV, Jefimovs K, Turunen J. Phase diffractive 

filter to analyze an output step-index fiber beam. Optical Memory and Neural Networks, 

Allerton Press, 2003; 12(4): 317-324. 

18. Almazov AA, Khonina SN. Periodic self-reproduction of multi-mode laser beams in 

graded-index optical fibers. Optical Memory and Neural Networks, 2004; 13(1): 63-70. 

19. Karpeev SV, Pavelyev VS, Khonina SN, Kazanskiy NL. High-effective fiber sensors 

based on transversal mode selection. Proceedings SPIE, 2005; 5854: 163-169. 

20. Karpeev SV, Pavelyev VS, Khonina SN, Kazanskiy NL, Gavrilov AV, Eropolov VA. 

Fibre sensors based on transverse mode selection. Journal of Modern Optics, 2007; 54(6): 

833-844. 



Computer Optics and Nanophotonics  Aleksandrova A.V. Calculation of mode set… 

44 

Information Technology and Nanotechnology (ITNT-2015) 

21. Karpeev SV, Khonina SN. Experimental excitation and detection of angular harmonics in 

a step-index optical fiber. Optical Memory & Neural Networks (Information Optics), 

2007; 16(4): 295-300. 

22. Koshiba M. Optical waveguide analysis. McGraw-Hill Inc, 1948. 

23. Snyder AW, Love JD. Optical waveguide theory. Chapman and Hall, 1983. 

24. Cherin AH. An introduction to optical fiber. McGraw-Hill Inc, 1987. 

25. Kotlyar VV, Soifer VA, Khonina SN. Rotation of multimodal Gauss-Laguerre light 

beams in free space and in a fiber. Optics and Lasers in Engineering, 1998; 29(4-5): 343-

350. 

26. Khonina SN, Volotovsky SG. Self-reproduction of multimode laser fields in weakly 

guiding stepped-index fibers. Optical Memory & Neural Networks (Information Optics), 

Allerton Press, 2007; 16(3): 167-177. 

27. Khonina SN, Striletz AS, Kovalev AA, Kotlyar VV. Propagation of laser vortex beams 

in a parabolic optical fiber. Proceedings SPIE, 2010; 7523:75230B. 

 


