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Abstract  

Linearly polarized modes were generated from the fundamental LP01 using Lee holograms dis-
played on a digital micromirror device. The phase in the holograms was optimized using simulated 
annealing algorithm and complex amplitude correlation to improve the quality of the converted 
modes. The correlation measurements, and comparisons between numerical and experimental re-
sults, show the fidelity of the obtained modes and the effectiveness of the optimization. Further-
more, the optimized holograms can be combined to generate multiple modes spatially addressed 
with individual control. The results, and the use of a digital micromirror device instead of the most 
common liquid crystal modulators, make this method suitable for Modal Division Multiplexing 
systems and compatible with other optical telecommunication techniques like Wavelength and Po-
larization Division multiplexing, and reconfigurable optical networks. 
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Introduction 

The expected reach of the physical limits of optical 
communications systems based on single-mode fibers 
demands the exhaustive use of every degree of freedom 
of the light [1 – 3]. The Wavelength, time, amplitude, and 
state of polarization are particularly widely used as mul-
tiplexing methods but appear to be short to satisfy the 
demand growth trend. On the other hand, the spatial do-
main is taking increasing attention recently as a promis-
ing physical layer to overtake these limitations. Space 
Division Multiplexing (SDM) uses the space for effec-
tively separate data channels. In this order, it has been 
applied with multicore fibers (MCF), free space, and mul-
timode fibers (MMF) [4 – 7]. However, from the point of 
view of cost per bit, scalability, and transmission capaci-
ty, SDM in multimode fibers that can only support a 
small number of modes, called few-mode fibers (FMF), 
shows promising advantages. These advantages come 
from their low differential mode group delay (DMGD), 
extended Shannon limit, and feasibility to apply multiple-
input-multiple-output (MIMO) signal processing to deal 
with crosstalk [8 – 14]. SDM using different modes of a 
single optical fiber is often called mode division multi-
plexing (MDM) [15]. 

In MDM, spatial optical modes, like Laguerre-Gauss 
modes (LG) or Linearly Polarized modes (LP), can be 

used as individual channels [2, 8, 9, 16]. MDM has been 
applied co-propagating modes in free-space or in optical 
fibers [5, 15, 17 – 24]. In both cases, is necessary to ma-
nipulate optical modes in a process called mode conver-
sion. This process transforms an incoming mode or su-
perposition of several modes into another mode or modes. 
Thus, the modal converter performs the multiplexing and 
demultiplexing of spatial modes [7, 22 – 25]. Despite both 
processes are similar, modal demultiplexing may deal 
with optical modes that could have been distorted during 
the propagation throughout the optical link, and needs 
signal processing or robust optical techniques like has al-
ready have been demonstrated successfully using versa-
tile correlation filters [26, 27]. 

In general terms, a multi-channel optical communica-
tion system based on MDM consists of a multiplexer that 
generates and combines several optical modes, a trans-
mission line or medium, and a demultiplexer that sepa-
rates the modes and addresses them towards detectors. 
This system has been successfully proved using several 
approaches to mode conversion, including diffractive op-
tical elements, mechanical actuators, integrated photon-
ics, and spatial modulators [4, 7, 10, 16, 22 – 25, 28 – 32]. 
The modal converter is a key component in MDM and 
could be understood in a similar way as the Arrayed 
Waveguide Gratings (AWG) in Wavelength Division 
Multiplexing (WDM) [19, 24]. With a sight in reconfigu-
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rable optical networks, between the several techniques 
that have been applied for mode conversion [5, 22 – 24, 
28, 31, 33 – 42] Spatial Light Modulators (SLM) can per-
form arbitrary mode conversion, switching and commut-
ing, precisely and dynamically in a controlled way [5, 28, 
30, 31, 33 – 44]. However, SLMs based on Liquid Crystal 
(LC-SLM) would have significant limitations in optical 
communications systems due to their strong dependence 
of the phase modulation depth with the state of polariza-
tion and wavelength, low frame rate, and high scattering, 
among others. In this way, SLMs based on Digital Mi-
cromirror Devices (DMD) are getting increasing interest 
in different optical applications because of their capabil-
ity to modulate phase and amplitude in a precise but 
straightforward manner, and generate practically any kind 
of laser beam, even with pulsed lasers [45 – 51]. 

A DMD is a reflective, binary amplitude SLM, in 
which the spatial distribution of its reflectance is con-
trolled by individually changing the tilt of each micro-
mirror in the array between two states. While LC-SLMs 
modulate phase as a spatially programable phase retarder, 
DMDs modulate phase and amplitude through a diffrac-
tive process.  

DMDs are a microelectromechanical system that can 
achieve frame rates two orders of magnitude higher than 
LC-SLM. Moreover, as DMDs operate by reflection over 
flat micromirrors, phase modulation depth is independent 
of the wavelength and polarization state of light. Thus, 
DMDs could be implemented in reconfigurable optical 
networks in combination with several multiplexing meth-
ods, as MDM, WDM, and polarization-division multi-
plexing (PDM).  

There are several methods to modulate phase and am-
plitude with a DMD [45]. However, binary amplitude hol-
ograms, called Lee holograms, are a simple but effective 
way [52, 53]. In this direction, the most notorious disad-
vantage of the DMD is a diffraction efficiency of only 
about 9 % [46, 54]. However, in many applications increas-
ing the laser power is enough to overcome this problem. 
There are other very good methods for generating optical 
modes using binarization processes [55 – 58]. However, 
these methods result in phase distributions that can only be 
used directly in diffractive optical elements or LC-SLMs. 

Optical modes in an incoming beam can be converted 
to other modes, or decomposed into its orthogonal com-
ponents, by spatial modulation of their phases and ampli-
tudes. This is a well-known and effective process, mainly 
with computer-generated spatial distributions of complex 
amplitudes, that has been applied using different kinds of 
spatial filters or modulators over several families of opti-
cal modes. [39, 43, 59 –64]. In a FMF with a step-index 
profile and fulfilling the weak guidance approximation, 
several Linearly Polarized (LP) modes propagate 
throughout the fiber. These modes can be converted by 
adding to an incoming mode its phase difference respect 
any other mode [64]. To convert LP modes using a DMD 
is needed to perform the transformation in free space. In 

this order, the difference in boundary conditions between 
the confined medium of the optical fiber and the free-
space affects the conversion quality. If only the phase dif-
ference between the two modes is added to the incoming 
mode by the DMD, an important amount of the power of 
the outgoing converted mode will spread out distorting its 
shape. To ensure the efficient coupling of the modes back 
to the FMF, low intermodal crosstalk, and power effi-
ciency in the conversion, an optimization of the conver-
sion must be done [35, 42]. Among the several optimiza-
tion methods, Simulated Annealing (SA) algorithm has 
proven to be suitable for phase masks optimization in 
similar applications [65 – 67]. 

In this work, we propose a mode converter based on a 
DMD SLM. Several LP modes were generated from the 
fundamental LP01 using Lee holograms. The phase in the 
holograms was optimized using SA algorithm and com-
plex amplitude correlation to improve the quality of the 
converted modes. The correlation measurements, and 
comparisons between numerical and experimental results, 
show the fidelity of the obtained modes and the effective-
ness of the optimization. Furthermore, the optimized hol-
ograms can be combined to generate multiple modes spa-
tially addressed with individual control. The results and 
the use of a DMD instead of a LC-SLM make this meth-
od suitable for MDM systems and compatible with other 
optical telecommunication techniques like WDM, PDM, 
and reconfigurable optical networks. 

1. Basic principles 

The DMD is a binary amplitude SLM consisting in an 
addressable array of micromirrors in which each mirror 
can be precisely tilted between to two states, defining the 
ON and OFF states. In this manner, an optical field 
Ψ (x, y) with an amplitude A (x, y), phase ϕ (x, y), defined 
as equation (1) 

     , , exp[ , ],x y A x y i x y    (1) 

can be generated by displaying on the DMD the binary 
reflectance of a Lee hologram. This reflectance is defined 
as follow in equation (2) [45], as 
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where sgn is the sign function, ν0 is the carrier frequency 
in the x direction that separates the diffraction orders in 
the optical reconstruction, and ω (x,y) is a function related 
with the optical field amplitude, by 

   1
, arcsin , .x y A x y    

 (3) 

For phase-only modulation, the amplitude is set to be 
uniform and unitary, so the equation (2) can be simplified as  

   0, 1/2 (1/2)sgn cos 2 , .H x y x x y          (4) 
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In a conventional step-index optical fiber with a core 
radio a, working wavelength λ, the electric field of LP 
weakly-guided modes, linearly polarized in the x direc-
tion, and propagating in the z direction, can be represent-
ed in cylindrical coordinates as 
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Where Jm is the ordinary Bessel function of first kind 
and m order, Km is the modified Bessel function of second 
kind and m order. The integers m and l are the radial and 
azimuthal indices, respectively, uml and wml are the normal-
ized transverse constants of attenuation and phase, respec-
tively, and β is the longitudinal propagation constant [36]. 

To convert an incident LPml mode into another, the 
phase difference between the two modes is calculated by 
using equation (5) and its argument, i.e., to convert an in-
cident LPin mode into a LPout mode, the phase distribution 
to be used in the hologram calculation in equation (4) is 
obtained as 

     out in, arg arg .x y LP LP    (6) 

The phase in equation (6) would make a perfect mode 
conversion if the process occurred inside the boundary 
conditions of the optical fiber. However, in free-space the 
phase in (6) needs to be optimized to ensure the fidelity 
of the converted modes respect the analytical modes, 
which leads to a better power conversion and coupling ef-
ficiency, and lower intermodal crosstalk [36, 42, 66]. 
Thereby, taking as starting point equation (6), the phase 
to be displayed on the DMD is optimized by SA algo-
rithm. SA is a metaheuristic inspired in the annealing 
process of solids that has been successfully applied in op-
timizing phase masks [65 – 67]. SA uses the Boltzmann 
probability distribution to randomly accept or reject 
changes that get a worse solution. This simple step is ef-
fective to avoid local extrema.  

One important part of the optimization is the correlation 
function used as cost function. Usually, the comparison be-
tween the optimized and target optical field is made using 
intensity profiles and correlations like Pearson or Mean 
Square Error. However, to have a complete mode conver-
sion, in amplitude and phase, we made the optimization 
comparing complex amplitudes. Thus, we use a cost or cor-
relation function of complex values, which corresponds to a 
normalized dot product, defined as [68] 

2 2 2

1 1 1
,
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     (7) 

where Mi is the converted mode from the phase in the op-
timization, and Ti is the analytical target mode. Equation 
(7) is also applied to measure the similarity between 
modes and construct the crosstalk matrices. 

The modal conversion is performed using diffractive 
properties of the Fourier optics in a 4f system. The phase 
is added to an incoming mode in a Fourier conjugate 
plane. The converted mode is the far-field diffraction pat-
tern of the incoming mode with the added phase. Experi-
mentally, the phase is coded in a Lee hologram, with a 
carrier to separate the diffraction orders and a spatial fil-
ter to finally take only the outgoing converted mode.  

2. Results and experiments 

In general terms, the modal conversion is performed 
using optical Fourier processing in a 4f system. fig. 1 
shows the numerical results of 4 LP modes (LP11, LP21, 
LP31, LP41) converted from incident LP01 using to non-
optimized phase masks. The incident LP01 is shown in 
fig. 1a, the phase masks in fig. 1b were calculated using 
equation (6), and the theoretical and converted modes are 
in fig. 1c and fig. 1d, respectively. It can be seen the ef-
fect of the conversion in free space in power distribution 
without the boundary conditions of the optical fiber. 

To a better conversion efficiency, the previous phase 
masks were optimized through SA algorithm and the cor-
relation of complex amplitudes. Fig. 2. shows the numer-
ical modal conversion using optimized phases. The inci-
dent fundamental mode is shown in fig. 2a. Fig 2b shows 
the optimized phases used. Fig. 2c and fig. 2d show the 
target theoretical modes and the modes obtained using the 
phases in fig. 2b. Converted modes form the optimized 
phase masks exhibit morphological similarities to the ex-
pected modes fig. 2d. Qualitatively, the power distribu-
tion is closer to the analytical modes compared with the 
previous non-optimized modes. 

Quantitative comparison through a correlation 
between the converted patterns from non-optimized and 
optimized mask and the analytical expected mode are 
shown in fig. 3. As expected, lower correlation values 
were achieved when we used the non-optimized mask, 
and noticeable higher values for conversion with the 
optimized mask, where none of the correlation values was 
below 0.96. Improvements up to 118 % in correlation 
were obtained by optmization. 

Experimentally, to make a mode conversion using 
DMD a SLM the basic principle consists in display on the 
DMD a Lee hologram and project a collimated input 
mode over the DMD, to be converted into a desired 
mode. The experimental setup of the mode conversion 
system is shown in fig. 4. A laser beam (Thorlabs 
HNL100L He-Ne 632.8 nm) is focused on a step-index 
single-mode fiber (SMF) using a microscope objective 
(MO). The collimated output beam was projected toward 
the DMD (Texas Instruments DLP LigthCrafter 6500) 
used as SLM. The hologram H (x, y) generated by equa-
tion (4) is displayed on DMD to generate the desired LP 
mode. A linear carrier was used to separate the diffraction 
orders, and a spatial filter takes out the first diffraction 
order with the converted mode. The incident mode be-
comes converted into the expected mode due to the 4f opti-
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cal Fourier processing system formed by lenses L1 and L2. 
Besides, lenses L2 and L3 form another 4f system with the 

spatial filter (SF) for selecting the proper diffraction order 
with the converted mode and imaging on the camera.
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Fig. 1. Numerical results of a LP01 mode converted into 
4 different LP modes (LP11, LP21, LP31, LP41) using  

non-optimized phase masks form equation (6).  
(a) Incident mode LP01. (b) Phase masks used for converting  
the incident mode to expected modes. (c) Theoretical modes  

or expected modes. (d) Results of converted modes 
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Fig. 2. Numerical results of 4 different converted modes using 
optimized phases.(a) Simulated incident LP01 mode. (b) 

Arrangement of Optimized phase masks by SA algorithm used 
for converting the incident mode to expected mode. (c) 

Theoretical modes or expected modes. (d) Resulting converted 
modes from optimized masks 

 
Fig. 3. Correlations comparison of numerical results  
for mode conversion from non-optimized phase mask,  

and optimized mask by SA algorithm 

 
Fig. 4. Experimental setup scheme of the mode conversion 

system using DMD. The input mode over the DMD is modulated 
by using a binary amplitude hologram. Lenses L1 and L2 

perform optical Fourier transform, and the spatial filter (SP) 
selects the first diffraction order. Lenges L3 and L4 take the 

outgoing converted mode to form image on the camera 
 

For the experiment of modal conversion, we used three 
kind of phase masks in the form of Lee holograms. First, we 
generated holograms from non-optimized phases according 
to (6), fig. 5. Then, the optimized phases were applied in 
mode conversion, fig. 6. Finally, several optimized phases 
were used to generate multiple modes simultaneously. The 
space addressing of the modes were made by using a differ-
ent carrier to each mode. This final procedure shows the fea-
sibility to apply the method in an MDM system. 

The experimental results of mode conversion from 
Lee holograms with non-optimized phases are shown in 
fig. 5, which were obtained by taking an input fundamen-
tal LP01 mode, shown in fig. 5a, and phases following 
equation (6). Fig. 5c and fig. 5d show the theoretical and 

the experimentally converted modes, respectively. The 
same expected morphological differences are found be-
tween confined modes and modes in free space. 

On the other hand, noticeable better approximation to 
theoretical modes were obtained by using Lee holograms 
with optimized phases. These results are shown in fig. 6. 
The input mode to the optical Fourier processing system is 
again a fundamental LP01 from the SMF, shown in fig. 6a. 
The calculated Lee holograms are shown in fig. 6b. pro-
duced different experimental patterns of converted modes 
fig. 6c and fig. 6d show the theoretical and experimental 
converted modes, respectively. As in the numerical simula-
tion, it can be visually seen that the optimization gives a 
much better approach to the target modes. 
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Fig. 5. Experimental results of mode conversion from non-
optimized phases. (a) Experimental incident mode. (b) Binary 

Lee holograms with non-optimized phases. (c) Theoretical 
expected modes. (d) Output modes of mode conversion system 

produced by non-optimized phases 
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Fig. 6. Experimental results of mode conversion with optimized 
phases. (a) Fundamental incident mode. (b) Binary Lee 

holograms from optimized phases. (c) Theoretical expected 
modes. (d) Experimental output modes 

 

The correlation coefficients of the converted modes 
(LP11, LP21, LP31, LP41), from non-optimized and opti-
mized phases, are shown in fig. 7. There, the optimized 
modes have an increase in correlation up to 17 %, with 
maximum values of 0.94, compared with non-optimized 
modes The results of the multiplexed hologram are 
shown in fig. 11. A fundamental LP01 mode, fig. 11a, is 
transformed by the binary multiplexed hologram, 
fig. 11b, into four modes (LP11, LP21, LP31, LP41). fig. 11c 
and fig. 11d show the numerical and experimental results, 
respectively. Fig. 12 shows the crosstalk matrix of the 
four modes, with a mean value of its diagonal of 0.9.with 
a maximum correlation of 0.89. 

Fig. 8 and fig. 9 present crosstalk matrices of experi-
mental converted modes with non-optimized and opti-
mized masks, respectively. The non-optimized matrix, 
fig. 8, has a mean in its diagonal of 0.84, while the opti-
mized matrix, of 0.92, fig. 9. 

 

Fig. 7. Comparison of correlation coefficients of experimental 
mode conversion respect theoretical mode using non-optimized 

and optimized phases 

 
Fig. 8. Experimental Crosstalk Matrix from converted modes 

using non-optimized phases 

 
Fig. 9. Experimental Crosstalk Matrix from converted modes 

using optimized phases 
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Several modes were obtained simultaneously using 
the superposition of the optimized holograms. The loca-
tion of each mode is easily controlled with the carrier 
added in the calculation of the holograms. Fig. 10 shows 
the schematic process to achieve a multiplexed hologram. 
The optimized phases are converted into binary Lee hol-
ograms. Each hologram has a different carrier and is fi-

nally superposed. In this case, final hologram contends all 
the phases needed to convert a LP01 mode into four dif-
ferent LP modes. Furthermore, using phases that make 
the inverse conversion, it is possible to convert several 
high order modes into the fundamental. This procedure 
shows the capability of the method to be implemented in 
an MDM system as multiplexer or demultiplexer. 

 
Fig. 10. Block schematic of the building process of a phase mask to create a multiplexed hologram. Holograms with optimized 

phases are superposed. Each hologram produces a different mode in a position determined by its carrier 

(a)    (b)  

(c)  

(d)  
Fig. 11. Experimental results of several modes created  
using a multiplexed hologram with optimized phases.  

(a) Experimental input beam. (b) Binary Multiplexed Hologram.  
(c) Computational Result of multiplexed beam.  
(d) Experimental Results of multiplexed beam 

 
Fig. 12. Experimental Crosstalk Matrix  

from the multiplexed process,  
the diagonal has a mean valued of 0.9 

 

Conclusions 

The generation of several LP modes using a DMD as 
mode converter was presented. The conversions were 
performed using phase modulation by means of binary 
amplitude holograms in a Fourier optical process. More-
over, as the conversions were made in free space, the 
phases needed to transform the modes were optimized us-
ing the simulated annealing algorithm and a correlation 
function based on the complex amplitude of the optical 

fields. The optimization showed a noticeable improve-
ment in the correlation of the converted modes respect the 
theoretical. The optimization is only needed to be done 
once, the phases can be then used in several ways as for 
multiplexing or demultiplexing modes. Crosstalk matri-
ces showed the system is suitable for MDM architectures. 
The experimental results are similar with others reported 
that use LC-SLM, but the use of a DMD instead of a LC-
SLM make this method suitable for MDM systems and 
compatible with other optical telecommunication tech-
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niques like WDM, PDM, and reconfigurable optical net-
works. A quantitative comparison between expected 
modes and converted modes by correlation measurements 
shows that to achieve optimal efficiency for mode conver-
sion it is necessary to optimize the phase mask, and the SA 
algorithm is suitable for the application. The presented sys-
tem is controlled, reconfigurable and dynamic, could play 
an essential role in the massive WDM-SDM multiplexing 
by providing high-velocity, low-cost, flexiblility. 
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