
 

 

SDM Propagation Model for Multiple channels Using 
Electromagnetic Theory and Vortex Analysis 

Syed H. Murshid1,2, Ebad Zahir1,2, Raka Biswas1,2 and Abhijit Chakravarty1,2 
1Optronics Laboratory, 

Department of Electrical and Computer Engineering, 
Florida Institute of Technology, 150 W. University Blvd., Melbourne, Fl 32901 

2Member SPIE  
murshid@ee.fit.edu, ezahir@fit.edu, rbiswas@fit.edu, abhi2007@my.fit.edu 

 
ABSTRACT 

 

Spatial Domain Multiplexing (SDM) is a novel technique in optical fiber communications. Single mode fibers are used 
to launch Gaussian beams of the same wavelength into a multimode step index fiber at specific angles. Based on the 
launch angle, the channel follows a helical path. The helical trajectory is explained with the help of vortex theory. The 
electromagnetic wave based vortex formation and propagation is mathematically modeled for multiple channels and the 
results are compared against experimental and simulated data. The modeled output intensity is analyzed to show a 
relationship between launch angle and the electric field intensity.  
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1. INTRODUCTION 

SDM [1-3] is a fiber optic multiplexing technique where two or more optical channels operating at the same frequency 
co-propagate through a single strand of optical fiber [4, 5]. The SDM technique utilizes standard communication blocks 
with the exception of spatial multiplexing and spatial de-multiplexing units which are inserted at either extremities of the 
standard system. The multiplexer setup uses a unique angular beam launching mechanism that initiates helical 
propagation of light with dedicated spatial allocation for all co-propagating channels. Ray theory alone is not sufficient 
to properly explain this process as geometrical optics cannot account for wave effects such as orbital angular momentum 
and diffraction. More accurate SDM model for co-propagation channels can be developed by solving the Maxwell’s 
equations in conjunction with the vortex beam theory [6]. The analysis of the SDM channels [7-10] typically requires 
careful consideration of both intensity and polarization of the multiplexed beams. The boundary conditions for 
electromagnetic fields are analyzed with the help of Fresnel's and Fraunhofer diffraction equations [11]. Fig. 1(a) shows 
the schematic diagram of the setup of the spatial multiplexer of a 4-channel SDM system. Tapered input fibers are used 
to launch laser beams into the multimode carrier fiber. Angular launch leads to helical propagation inside the carrier 
fiber, forcing each channel to occupy dedicated spatial location. Four distinct circular optical channels can be projected 
on a screen upon exiting the carrier fiber. The Fig. 1(b) shows a single tapered fiber aligned to the carrier fiber at a 
certain angle θ leading to a single helically traversing channel. Since the helical channels carry orbital angular 
momentum (OAM), if a thin wire is place in front of the carrier fiber, the shadow of the wire will appear to be twisted 
due either in the clockwise direction or the counter clockwise direction depending on the orientation of the OAM. This 
effect is highlighted in Fig. 1(b). 
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Fig.1(a) Schematic diagram of a 4-channel Spatial Multiplexer 
(b) Schematic diagram of a single channel system with an angular launch displaying OAM 

 
2. BASIC MATHEMATICAL MODEL 

 
The Maxwell’s equations are given in equations (1-4) [11] 
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Where ρ is the charge density, J is the current density and c is the speed of light. 
Using Fresnel and Fraunhofer diffraction formulae the effects of wave polarization on reflection and transmission at the 
interface between two linear, isotropic and homogeneous media can be derived. In SDM system the expressions for the 
amplitude reflection and transmission coefficients can be given as follows [11], 
  
                                                                 ( )azaxEE iiii θθ sincos0 −=                                                                     (5) 

                                                                 ( )azaxEE rrrr θθ sincos0 −=                                                                   (6) 

                                                                 ( )azaxEE tttt θθ sincos0 −=                                                                  (7) 
 
Where θi = incident angle, θr = reflected angle and θt = transmitted angle and a = propagation constant. 
 
Optical vortices were first introduced by Nye and Berry in terms of electromagnetic fields. In the SDM system, the 
individual channels are launched at specific angles which cause the light to follow a helical path around its propagation 
axis. The helical path can be related to the twisting behavior of optical vortices where the fields with opposite 
topological charges cancel each other to create a void at the center of the beam. With wider launch angle, the radius of 
the vortex created at the center of the helical path increases. Since the vortex represents absence of light, it gives rise to 
the opportunity to utilize the extra dark area as an opportunity to support another channel with a different topological 
charge to yield another vortex with a different radius. Each such channel accompanied by its partnering vortex gives rise 
to the multiplexing technique where co-propagating channels of exactly the same wavelength can be spatially filtered. 
Properly spaced channels exhibit no discernable crosstalk and thus support multiple channels of same wavelength to 
travel simultaneously in the same optical channel. According to the vortex theory, 
 
                                                                ( ) ( ) θθ imerErE 0, =                                                                                         (8) 
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Where m is an integer and θ is the azimuthal angle. The SDM channel propagate in helical path and applying vortex 
theory to the solution of Maxwell’s wave equation the solution for co-propagating SDM channels can be expressed as in 
equation (9). 
                                                               ( ) ( ) ( )zZrFEz θΦ=                                                                                        (9) 
 
Where ( ) ( )KreJrF υ=  is defined as the Bessel’s solution, ( ) zjaezZ β= ,  and ( ) υθθ jce=Φ ,where a and c are 
constants. 
For generation of vortex or phase singularity in SDM system all three exponential components derived by applying 
equation (8) to equations (5-7) must be equal which gives the boundary condition for SDM system as given in equation 
(10). 
                                                                ttrrii EEE θθθ coscoscos 000 =−                                                         (10) 
 
 

3. SIMULATED RESULTS 
 

The boundary condition in equation (9) are applied to Fresnel’s equations [11] and the transmission coefficient of co-
propagating SDM channels are plotted as a function of incident angle which is shown in Fig 2(a) which shows the 
impact of the incident angle on the transmission and reflection coefficients. The coefficients add constructively or 
destructively to produce the SDM helical channel [12-14]. This curve complies with the ‘amplitude coefficient-vs-
incidence angle’ plot shown by Hecht [11]. The CAD simulated output of a two channel SDM multiplexer is shown in 
Fig. 2(b). 
 
 

 
 
 
 
 
 
 

 
 

Fig. 2 (a) Transmission coefficient vs. input angle for SDM system 
(b) CAD based 2-D intensity plot for a 2-channel SDM system 

 
The standard E-field solution of Maxwell’s equation is plotted for the boundary conditions of a multimode fiber and the 
output is given in Fig. 3(a).  Applying vortex beam theory the equation (9) is plotted as given in Fig. 3(b). This correlates 
to how the transverse electric, magnetic and hybrid modes behave when they propagate in a cylindrical channel which in 
this case is a standard 62.5/125 µm multimode fiber. 
 
 
 
 
 
 
 
 

 
 

Fig. 3 (a) Plot of standard E-field solution of Maxwell’s equation 
(b) Plot of E-field solution applying vortex beam theory 
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Fig. 4(a) shows the simulated output beam intensity due to SDM based angular launch conditions. Since the SDM 
channels follow helical path they also carry an OAM. The presence of OAM in helically propagating SDM channels 
is demonstrated in Fig 4(b) which highlights the fact that the shadow of a thin wire placed in front of the optical 
fiber is twisted either in the clockwise or counter-clockwise directions due to OAM. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 (a) MATLAB plot of helical beams resembling two spatially multiplexed SDM Channels 
(b) SDM channel carrying OAM  

 
 

4. CONCLUSION 
 

SDM propagation is briefly described with the help of orbital and angular momentum of a Bessel beam. Experimental 
results are used to verify that the output beams from the SDM system possess OAM. The numerical simulations show 
reasonable match to the experimental results. The radial location of the peak output intensity of each SDM channels is a 
function of the incident angle. Additional experiments are being designed to refine the SDM propagation model and to 
develop better correlation between the two. 
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