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	  Exploit	  Space	  Division	  Mul3plexing	  (SDM)	  to	  increase	  fibre	  capacity	  

Project principle 

Mode division multiplexing (MDM) 

Bundles of fibers 

Multicore fiber 



Mode division multiplexing 

Annalaura Fasiello- Borsisti Day 2016 3 

Every OAM mode consists in a 
channel labeled by its Orbital 
Angular Momentum, which 

propagate unchanged in the fibre.  

l = 0 l = 1 l = 2 

Helical wavefronts 

Optical vortices 

Generated	  from	  Gaussian	  beam	  by	  a	  Spiral	  Phase	  Plate	  (SPP)	  in	  free	  space,	  then	  injected	  in	  the	  fibre	  

Planar wave 

Helical wave 

Light 
beam 
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 OAM	  modes	  as	  transmission	  modes	  :	  
-‐ 	  limited	  intermodal	  crosstalk	  in	  short	  op3cal	  links	  	  
-‐ 	  enable	  increase	  of	  throughput	  

 all-‐op3cal	  OAM-‐mode	  MUX/DEMUX	  and	  switching	  
• 	  high	  speed	  
• 	  energy	  saving	  

Development of the OAM layer 
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Image rotation in case of an OAM mode of 
order l is equivalent to a phase shift  of  2α	  l	  . 	  

All-optical demultiplexing 
system 

Dove	  prisms	  Mach-‐Zender	  interferometer	  by	  Leach	  et	  al.	  	  
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without modal  
crosstalk 

with modal  
crosstalk 

Our set-up for 
demultiplexing  

Cylindrical	  lenses	  Mach-‐Zender	  Interferometer	  
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The quality of interference is measured through the interferometric visibiliy, also known as fringe 
contrast,  which is defined as: 

!!" !
!!"# ! !!"#
!!"# ! !!"#

 

If  a mismatch is present between the wave vectors of the two interferring beams, the interference 
results in a fringe pattern. In the case of no mismatch between the wave vectors, as in our case,  Imax 
and Imin are measured as the power at the two different ports.  

In the PP-MI the Fringe Contrast is measured for each OAM mode separately. A good fringe 
contrast  for each mode, together with optimal alignment of the interferometer,  will result in low 
demultiplexer crosstalk. 
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Firstly ve have proved the principle of operation of the PP-MI for mode 0-1 using a He-Ne laser 
operating at 633 nm, thus in the visible spectrum.  We have measured the cross-talk at each 
demultiplexer exit, defined as the optical power ratio between the unwanted mode and the correctly 
demultiplexed mode, obtaining !12.2 dB for the cross-talk induced by mode 1 on mode 0 and !13.1 
dB for the cross-talk induced by mode 0 over mode 1. The origin of this cross-talk is a slight 
mismatch in position and direction between the interfering beams, corresponding to a little decrease 
in the interferometer visibility. Actually, varying the phase difference between the two 
interferometer arms in a range of 2! and considering a single OAM mode at a time, we have 
measured a visibility of about 91% and 88% for modes 0 and 1, respectively. The transverse 
intensity patterns of the two demultiplexed modes, acquired by a camera, are shown by Fig. 5a, 
evidencing the effectiveness of the realized PP-MI in separating mode 0 (on the left of "AB6!Ca, with 
circular-like spot) and mode 1 (on the right of "AB6!Ca, with doughnut spot). 

!
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SU&A<=&>NGA9BG=M9H:&?@Q&ILJ&+!3&>?E=D&X&LHE&8T&ISJ&+!3&>?E=D&X&LHE&K0&

Our set-up for 
demultiplexing  

Porro	  Prisms	  Michelson	  Interferometer	  
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The quality of interference is measured through the interferometric visibiliy, also known as fringe 
contrast,  which is defined as: 

!!" !
!!"# ! !!"#
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If  a mismatch is present between the wave vectors of the two interferring beams, the interference 
results in a fringe pattern. In the case of no mismatch between the wave vectors, as in our case,  Imax 
and Imin are measured as the power at the two different ports.  

In the PP-MI the Fringe Contrast is measured for each OAM mode separately. A good fringe 
contrast  for each mode, together with optimal alignment of the interferometer,  will result in low 
demultiplexer crosstalk. 
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Firstly ve have proved the principle of operation of the PP-MI for mode 0-1 using a He-Ne laser 
operating at 633 nm, thus in the visible spectrum.  We have measured the cross-talk at each 
demultiplexer exit, defined as the optical power ratio between the unwanted mode and the correctly 
demultiplexed mode, obtaining !12.2 dB for the cross-talk induced by mode 1 on mode 0 and !13.1 
dB for the cross-talk induced by mode 0 over mode 1. The origin of this cross-talk is a slight 
mismatch in position and direction between the interfering beams, corresponding to a little decrease 
in the interferometer visibility. Actually, varying the phase difference between the two 
interferometer arms in a range of 2! and considering a single OAM mode at a time, we have 
measured a visibility of about 91% and 88% for modes 0 and 1, respectively. The transverse 
intensity patterns of the two demultiplexed modes, acquired by a camera, are shown by Fig. 5a, 
evidencing the effectiveness of the realized PP-MI in separating mode 0 (on the left of "AB6!Ca, with 
circular-like spot) and mode 1 (on the right of "AB6!Ca, with doughnut spot). 

!
'9:0&6&.CLHDO=CD=&9HA=HD9AU&BLAA=CHD&LA&A<=&AV?&=M9AD&?@&A<=&+!3&>?E=&E=>NGA9BG=M=CW&9H&;?CC=DB?HE=H;=&A?&LH&=HACLH;=&S=L>&:9O=H&

SU&A<=&>NGA9BG=M9H:&?@Q&ILJ&+!3&>?E=D&X&LHE&8T&ISJ&+!3&>?E=D&X&LHE&K0&
l=0         l=1 l=0         l=2 



Bit-Error-Rate 
Measurements 
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Transmission of two OAM modes (of orders 0 and 1) carrying different 10-
Gbit/s NRZ-OOK signals and direct detection after OAM mode demux	  
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single OAM mode

two OAM modes

BER	  values	  measured	  as	  a	  func3on	  of	  the	  received	  op3cal	  power	  aUer	  OAM	  demul3plexing	  for	  the	  mode	  l	  =	  0,	  
with	  (red)	  and	  without	  (blue)	  the	  crosstalk	  due	  to	  the	  mode	  l	  =	  1.	  	  

Cylindrical lenses PP-MI 
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Porro-prism alternative  
configuration 
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Considering these results we can affirm that the alternative configuration improve the demultiplexer in term of losses 
and it is comparable, even slightly better, to the previous one in term of demultiplexing performances. Moreover there 
are still improvement margins in particular by replacing the Faraday rotator.  
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Chapter 4. Experimental results

Figures 4.2 and 4.3 show how polarization orientation and polarization ellipticity
vary as a function of the fiber twist angle �twist, respectively.

Figure 4.2: Polarization direction as a function of the fiber twist angle.

Figure 4.3: Polarization ellipticity as a function of the fiber twist angle.
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Figures 4.2 and 4.3 show how polarization orientation and polarization ellipticity
vary as a function of the fiber twist angle �twist, respectively.

Figure 4.2: Polarization direction as a function of the fiber twist angle.

Figure 4.3: Polarization ellipticity as a function of the fiber twist angle.
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Chapter 4. Experimental results

4.2 Experimental verification of the fiber twist ef-
fect on intensity pattern

In the previous Section, it has been shown that twist causes a rotation of the trans-
mitted polarization state that is proportional to the rotation applied to the fiber.
The same effect occurs in the intensity pattern of the field propagating in a fiber
with applied torsion.
The intensity pattern rotation presents a linear dependence on the fiber rotation.
The coefficient relating them takes into account both the geometric effect and the
elasto-optic effect. Exactly as it happens for the polarization.
The geometric component considers that the relative position of the fiber output
head with respect to the focusing objective, when the fiber is twisted, changes. Its
variation consist in a rotation equal to that applied to the fiber, this means that the
pattern geometric rotation angle is equal to the twist angle �twist.
The elasto-optic component is related to the twist induced optical activity. Pic-
cirilli et al. theoretically studied this latter effect using the coupled mode theory
based on the N�N complex matrix K(z) representing the perturbation acting on
the fiber. Its elements show a dependence on the elasto-optic coefficient g and the
applied twist rate. From their analysis it results that the angle of pattern rotation
is independent of the mode order and proportional to the rotation applied to the
fiber through a factor g/2.
They verified their theoretical predictions experimentally using a suitable set up
and applying to the fiber only an integer number of turns, in order to avoid the
geometric effect.
Therefore, the intensity pattern of a beam passing through a fiber twisted of an
angle �twist results to be rotated, with respect to the input, of an angle:

�pat = �twist + g/2�twist = (1 + g/2)�twist. (4.7)

In order to experimentally verify this result, the set up showed in Figure 4.5 has
been realized.

Figure 4.5: Set up.

A Gaussian beam with wavelength of 633 nm is emitted by a He-Ne laser source.
It is focused through an 8 mm focusing lens into a 50 cm long optical fiber pro-
duced by Nufern. This specific fiber is characterized by a core diameter of 4.3µm

92
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Chapter 4. Experimental results

Twist angle �twist Pattern angle

0° 108°
20° 138°
40° 158°
60° 180°
80° 194°

100° 213°
120° 235°
140° 265°
160° 283°
180° 310°
200° 330°
220° 352°
240° 370°
260° 390°
280° 415°
300° 432°
320° 455°
340° 479°
360° 501°

Table 4.3: Pattern rotation evaluated every time the rotatable holder is rotated of 20o

Figure 4.8: Pattern orientation as a function of the fiber twist angle.

95

Experimental verification 

1.0765 



Annalaura Fasiello- Borsisti Day 2016 14 

Theoretical effect of twist 
on OAM modes 

PHASE TERM 

Polarization 
rotation 
ϕ 

Pattern 
rotation 
ϕ 

TOTAL ANGULAR 
MOMENTUM 

spin Orbital 
momentum 



Annalaura Fasiello- Borsisti Day 2016 15 

Chapter 4. Experimental results

4.3.3 Experimental results
The two previous subsections have highlighted the role of the spiral phase plates
as OAM mode generators and the role of the interference experiment as a tool
for the visualization of phase information in the pattern. They are of fundamental
importance in the realization of the set up suitable for the verification of the theo-
retical prediction regarding the twist induced phase effect.
The set up realized with the aim of studying the effect of twist on the mode phase
structure, is shown in Figure 4.10.

Figure 4.10: Set up.

A linearly polarized Gaussian beam with wavelength of 633 nm is emitted by a
He-Ne laser source. It passes through a beam splitter that divides it in two: one
beam is made to pass into a spiral phase plate +1 and into a quarter wave plate
oriented in such a way that the linear polarization is transformed into a right
circular polarization, while the other beam is made to pass into a spiral phase
plate �1 and into a quarter wave plate oriented in such a way that the linear

101

In	  order	  to	  extract	  phase	  informa3on	  
we	  realized	  an	  interference	  set-‐up	  

Chapter 4. Experimental results

polarization is transformed into a left circular polarization. The used spiral phase
plates are made of polymer on glass and presents the following dimensions:
100mm diameter and 6.25mm thickness.
At this point, two homogeneous opposite polarized OAM modes are generated.
They are made to interfere at a second beam splitter and, then, are coupled
through and 8 mm focusing lens into a 50 cm long optical fiber produced by
Nufern. This specific fiber is characterized by a core diameter of 4.3µm and a
cut-off wavelength of about 730 nm. One centimetre from its beginning, the fiber
is fixed to a rigid surface while, at the end, it is inserted and fixed into a rotatable
holder. The few-mode fiber under test is kept straight in order to minimize as
much as possible other sources of coupling. The light beam outgoing from the
optical fiber passes through a collimating lens and an analyser. Finally it enters in
a camera that acquires the pattern made of two lobes, as shown in Figure 4.11.

Figure 4.11: Interference pattern.

Every time the rotatable holder is rotated, an image of the field pattern is acquired
by the camera. Comparing the orientation of the lines separating the two lobes,
realized by means of the interference, at different twist angles, it is possible to
evaluate the interference pattern rotation as a function of the fiber torsion.
The experimental data obtained at different twist angles, are reported in Table
4.3.3 and are represented in the graph of Figure 4.13: it shows how the intensity
interference pattern rotates as a function of the fiber twist angle �twist.

102

Experimental verification 
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described by the following expressions
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The field resulting from their interference, obtained at the second beam splitter in
the interferometer set up, is calculated by simply adding the two fields:
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(4.19)

Since the modes considered are two opposite homogeneous OAM modes, the in-
tensity pattern relevant for the phase information, is the one after the analyser.
Considering a vertical orientation of the analyser, the intensity field results to be

I = EyE
⇥
y = 4sin2(� + ⌅0 � ⌅p)R

2
|l|,p. (4.20)

The above expression describes a pattern made of 2 lobes that assumes value zero
when the argument of the sin function is equal to zero, that is

� + ⌅0 � ⌅p = 0 ⇥ � = ⌅p � ⌅0. (4.21)

Therefore, it is clear that a fiber rotation of an angle �⌅twist, to which corresponds
a twist-induced angle �⌅, generates in the intensity pattern after the analyser a
rotation �� given by

�� = �⌅p = (l + ⇤)�⌅. (4.22)
Substituting to the term �⌅ its expression, the relation between the fiber rotation
�⌅twist and the pattern rotation �� is obtained:

�� = (1 + 1)(1 + g/2)�⌅twist = 2(1 + g/2)�⌅twist. (4.23)

That is in agreement with the general form

�� =
(⇤ + l)(1 + g/2)�⌅twist

l
. (4.24)

Therefore, the intensity profile expected at the fiber output after the analyser, is a
two lobes pattern rotating of an angle �� related to the twist angle rotation �⌅twist

by Equation 4.23.
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  Studying other stressing effect on 
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image rotation to conceive in-fibre 
demultiplexer 

Chapter 4. Experimental results

4.3.3 Experimental results
The two previous subsections have highlighted the role of the spiral phase plates
as OAM mode generators and the role of the interference experiment as a tool
for the visualization of phase information in the pattern. They are of fundamental
importance in the realization of the set up suitable for the verification of the theo-
retical prediction regarding the twist induced phase effect.
The set up realized with the aim of studying the effect of twist on the mode phase
structure, is shown in Figure 4.10.

Figure 4.10: Set up.

A linearly polarized Gaussian beam with wavelength of 633 nm is emitted by a
He-Ne laser source. It passes through a beam splitter that divides it in two: one
beam is made to pass into a spiral phase plate +1 and into a quarter wave plate
oriented in such a way that the linear polarization is transformed into a right
circular polarization, while the other beam is made to pass into a spiral phase
plate �1 and into a quarter wave plate oriented in such a way that the linear
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as bending or helical winding 
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demultiplexer 

Bending	  

Helical	  winding	  



Annalaura Fasiello- Borsisti Day 2016 20 

Perspectives for 
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   Verify twisting fibre image rotation for higher modes 

  Studying other stressing effect on OAM modes image rotation, 
such as bending or helical winding 

  Exploit fibre stressing image rotation to conceive in-fibre 
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