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ABSTRACT 

Bandwidth increase has always been an important area of research in communications. A novel multiplexing 

technique known as Spatial Domain Multiplexing (SDM) has been developed at the Optronics Laboratory of 

Florida Institute of Technology to increase the bandwidth to T-bits/s range. In this technique, space inside 

the fiber is used effectively to transmit up to four channels of same wavelength at the same time. 

Experimental and theoretical analysis shows that these channels follow independent helical paths inside the 

fiber without interfering with each other. Multiple pigtail laser sources of exactly the same wavelength are 

used to launch light into a single carrier fiber in a fashion that resulting channels follow independent helical 

trajectories. These helically propagating light beams form optical vortices inside the fiber and carry their 

own Orbital Angular Momentum (OAM). The outputs of these beams appear as concentric donut shaped 

rings when projected on a screen. This endeavor presents the experimental outputs and simulated results for 

a four channel spatially multiplexed system effectively increasing the system bandwidth by a factor of four. 

 

1. INTRODUCTION 

 
Spatial Domain Multiplexing (SDM) [1] allows spatial reuse of optical frequencies to increase 

communication bandwidth. Multi-Tb/s serial data rates using a host of hybrid multiplexing and coding 

schemes including spatial multiplexing have already been reported recently. Using a Multiple Input-Multiple 

Output (MIMO) [2] technique, independent optical signals of the same wavelength are transmitted over a 

single carrier fiber without significant signal degradation to show that data rate can be increased even 

further. The individual channels are launched at specific angles and they follow a helical path and carry their 

own Orbital Angular Momentum (OAM) while traversing the length of the fiber. Therefore the screen 

projection of the output intensity at the exit end of the fiber is observed as concentric rings. This document 

describes a spatially multiplexed system that integrates a four channel SDM system with OAM of photons in 

a 62.5m multimode step index fiber, thereby adding two degrees of freedom to popular optical fiber 

multiplexing techniques. The four channel system presented here can lead to an eight fold increase in 

bandwidth.  Experimental demonstration of this multiplexing system has been presented in this paper. 
 

 

2. SPATIAL DOMAIN MULTIPLEXING 
 

2.1.  SDM methodology 
 

SDM is a novel multiplexing technique that employs spatial reuse of the small fiber diameter, as shown in 

Figure 1 . This technique employs helical propagation of light thus increasing the data rates [4,5]. The space 

inside the multimode step index fiber is used effectively by allowing co-propagating channels of the same 

wavelength. Four simultaneous channels using the same wavelength are propagated into a multimode fiber 
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using different launch angles. The channels travel inside the fiber as a function of their launch angle as a 

result of which the channel launched right at the center is observed as a spot at the output.  

 

 

Figure 1:  Basic block diagram of a SDM system 

 

All other channels appear as concentric circles whose diameter increases with an increase in launch angle. 

Gloge’s power flow graph has been proved to fail for modal multiplexing techniques because the electric 

field i.e., the donut-shaped rings collapse into Gaussian beams after traveling some distance of 100-200 m. 

However, spatial domain multiplexing has been proved to work for significantly long distances [3].  

 

Spatial Domain Multiplexing (SDM) has been successfully tested for distances exceeding a kilometer. This 

very feature of the system allows multiple channels of the same wavelength to travel inside the same 

multimode fiber and makes it a very efficient system for obtaining bandwidth increase in 

telecommunications.  Spatial detection methods [4] at the output end are utilized to obtain the data from the 

individual channels.   

 

The SDM technology was first invented at Florida Institute of Technology and has seen several 

developments over the last few years. Using proper launching mechanisms, non-interfering spatially 

separated helical channels are produced inside the fiber. Larger launch angle produces a larger diameter 

helix. This causes the centermost channel to appear like a standard TEM00 spot and all subsequent channels 

to appear as concentric circular rings. Since each of these channels travel separate paths inside the fiber, no 

cross talk is observed between the channels [5]. Thus, the capacity of one channel is increased N times (N 

being the number of channels). 

 
2.2. SDM Experimental setup 

 

Figure 1 shows the block diagram of a typical SDM system. The SDM system generally consists of the 

following components:  
 

(a) Single-mode pigtailed laser diodes;  

(b) Spatial multiplexer or the beam combiner module (BCM);  

(c) Spatial de-multiplexer or the beam separator module (BSM);  

(d) Standard step index multimode fiber, and  

(e) Optical photo-detectors.  
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Pigtailed laser sources from the main laser unit operating at 635 nm are used to launch the light into the 62.5 

m multimode fiber. Proper angular alignment of the input channels with the carrier fiber produces helically 

propagating skew rays inside the fiber. The output of this setup results in concentric rings when projected on 

a screen. The detector uses spatial filtering techniques to de-multiplex the individual channels and route 

them to dedicated photodetectors. When this SDM technique is used with WDM and TDM the bandwidth 

can increase enormously.  Figure 2 shows simulated helical propagation of multiple channels in a cross 

section of an SDM system. 

 

               
 

Figure 2 Helical propagation of three separate channels. 

 
 

   

   
 

Table 1: SDM output rings 

Table 1 shows screen projection of the output rings of a typical SDM system. The center channel, launched 

at zero degree incidence, appears as a spot and the outer channels appear as concentric rings around the 

center spot.  
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3. ORBITAL ANGULAR MOMENTUM 

 
The electric field propagating in an optical fiber is given by [7],  

 

 Ez= ê Jm(pρ) exp(jmφ) exp(jβz) (1) 

 

Where, ê is the unit vector, m is the azimuthal index (m=0, 1, 2,..), r is the radial distance,  is the 

azimuthal co-ordinate, Jm is a Bessel function of the first kind, p=n1
2
k0

2
-2,  is the propagation constant, n1 

is the refractive index of the core, k0=2/ and z is the propagation distance. From Equation 1, it is observed 

that the electric field is characterized by the Bessel function. It also has another term exp(jm,) which 

represents the azimuthal phase term . These beams carry orbital angular momentum (OAM) mh per photon 

[8-9]. 

3.1. Demonstrating OAM in SDM  

The setup to observe orbital angular momentum consisted of the same setup as presented in figure1, with 

BCM and BSM [10], but in addition to these, a thin wire was placed at the output end of the multimode fiber 

[11-12]. The modified setup is shown in figure 3. The property that light carries mass and acts as particles of 

energy is easily observed by looking at the shadow of this wire.  

To experimentally prove the existence of orbital angular momentum in SDM systems, four independent 

input channels of the same wavelength are launched at specific angles into a 62.5/125 m step index 

multimode fiber with a numerical aperture (NA) of 0.22. The output from the fiber is projected on a screen, 

and its intensity is observed as three separate rings. Then, a thin wire is placed between the output end of the 

multimode fiber and the screen.  

 

Experiments clearly indicate a shadow displacement in the output rings. At first, the input channels are 

launched individually to obtain their respective vortices. Then two rays with the same azimuthal, 

propagation and incident angles but opposite topological charge are launched simultaneously inside the 

fiber. These result in a cross shadow showing that one topological charge yields a clockwise spinning beam, 

while the other depicts a counter-clockwise spin to distort the shadow in the opposite direction. Since the 

SDM beams carry orbital angular momentum, the shadow of the wire illuminated by the light coming from 

the multimode fiber displaces the shadow by a certain angle.  

Figure 3 Experimental setup to analyze OAM. 
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Table 2: One Channel OAM 

 

Table 3 gives a set of images obtained from a 2-channel OAM experiment. Depending on the angle of 

launch, the photon spin is either in clockwise or anticlockwise direction. Therefore, 2
2
 cases of photon 

launch were analyzed, and the following results were obtained. The channels showed no discernible 

crosstalk. Table 4 shows the OAM in the center channel, spot and the outer channel, ring. The center channel 

in table 4 shows a clockwise rotating OAM while the outer channel reveals counterclockwise rotation. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3: A two channel SDM system with opposite OAMs 

 

  

Table 4: Outer channel and center channel 

 

COUNTER CLOCKWISE SPIN 

 

CLOCKWISE SPIN 

 

                    OUTER CHANNEL 

 

 

INNER CHANNEL 

CLOCKWISE COUNTER 

CLOCKWISE 

CLOCKWISE 

  
COUNTERCLOCKWISE 

  

Proc. of SPIE Vol. 8397  839703-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/14/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



© (S

Table 5 shows experimental images depicting presence of OAM in 3 channel and 4 channel SDM systems. 

These results were obtained using experimental setups as shown in figures 1 and 3. 

 

     

Table 5: 3 and 4 Channel OAM system results 

 

4. CONCLUSION 

 

Experimental data for one, two, three and a four-channel SDM system are presented in this paper. It was also 

shown that the multichannel SDM systems carry orbital angular momentum. This proves that input channels 

launched with complementary angles can be used to integrate spatial multiplexing and OAM-based 

multiplexing. This can lead to two additional degrees of freedom in optical fiber channels and can lead to 

significantly higher data rates in optical fiber communication systems. 
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