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ABSTRACT

We experimentally demonstrate an information encoding protocol using the two degrees of freedom of Laguerre
Gaussian modes having different radial and azimuthal components. A novel method, based on digital holography,
for information encoding and decoding using different data transmission scenarios is presented. The effects of
the atmospheric turbulence introduced in free space communication is discussed as well.
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1. INTRODUCTION

Over the last few years, there has been considerable interest in mode division multiplexing (MDM) for data
transmission in optical fibers and free space optical links.! MDM is a promising technique to cope with an
eventual capacity “crunch” in the near future.? Using the spatial modes of light, the overall capacity of the
communication systems increases by several orders of magnitude.®> Recent works have shown high transmission
capacity using various spatial mode basis. Y. Chen et al. have demonstrated in [4] a 41.6 Tb/s transmission
capacity using 6 linearly polarised modes on dual polarisation over 74.17 km in a few mode fiber. In free space
communication, J. Wang et al. in [5] have reported a bit rate of 2.56 Th/s and a spectral efficiency of 95.7
b/s/Hz using 4 orbital angular momentum (OAM) modes. Moreover, a 400 Gbit/s transmission capacity over
a free space optical link and using 4 Laguerre Gaussian (LG) modes with multiple OAM and the same higher
radial order has been achieved.® The practical implementation of MDM systems requires enabling new mode
multiplexing and demultiplexing techniques. One technique is to use spatial light modulators (SLM) to generate
and detect various high order modes.”®

In this contribution, we focus on further increasing the number of multiplexed spatial modes to achieve higher
transmission capacity using computer generated holograms. Here we show a novel technique for information
encoding using Laguerre Gaussian (LG) modes with different azimuthal and radial indices offering two degrees
of freedom compared to the previous communication techniques.'®? Throughout this paper we consider only
the case of free space propagation of a light beam to illustrate the concept, we implement our technique to
encode and transmit gray-scale and RGB images on light beams. We perform a real time modal decomposition
without prior knowledge on the incoming field and with a single digital hologram. We show the versatility of
our technique by introducing atmospheric turbulence and how we are able to recover the sent information with
high fidelity.
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2. CONCEPT AND EXPERIMENTAL SETUP
2.1 Theory

The Laguerre Gaussian beams are the solutions of the Helmholtz equation and form a complete orthonormal
basis and each beam is characterized by an azimuthal index ¢ and a radial index p.'® In cylindrical coordinates,
the LG modes are described by'*

1l
LG (1 o ) — 1 2p! exo(i ; 2r? 14l 2 exo [ — ikr? B —r2 ;

(1)

where ®(z) represents the Gouy phase, w(z) is the beam spot size parameter and R(z) is the radius of the beam
curvature and LL,[ " are the Laguerre polynomials.

The main idea of the present work is to encode information using LG modes and send them from a transceiver
to a receiver. As a proof of concept, the information used are gray-scale and coloured images. As shown in the
concept in Fig. 1, each pixel of a gray-scale image corresponds to a particular LG mode, the mode is propagated
and then identified at the receiver with a single measurement and once all the pixels are transferred, the initial
image is reconstructed. For an RGB image, each pixel is composed of three different colours: red, green and
blue. Thus, each colour is encoded with a beam and the beams are multiplexed together and transmitted in one
beam. Upon arrival to the destination, all the three modes are identified in the same measurement procedure
and the initial colour value of the pixel is recovered.
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Figure 1. Concept of the proposed information encoding using LG modes. For a gray-scale image (a) each pixel value in
the gray-scale corresponds to a particular mode wich is then propagated as a single beam through free space and identified
in a single measurement at the receiver. For an RGB image (b) each pixel is encoded using three different modes and then
propagated at the same time to a destination where the modes are demultipled and each colour is recoverd independently
and then all of them are added together in order to recover the initial image pixel by pixel.

We are able to identify with a single measurement which mode is present in the receiver amongst the modes
applied in the protocol. To apply such a demultiplexing method, we use digital holograms. Mathematically, the
demultiplexing hologram is given by

toemux = Y ELG (r¢,2) 2)

which consists of a superposition of all the protocol modes. An inner product measurement is performed optically,
with the same idea in Ref [15] by considering the signal at the origin of the focal plane of the lens. The resulting
signal at the receiver can be numerically calculated as

I =F(E(Sy(r¢,2) @ F(tpemux) (3)
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where [ refers to the output signal and F represents the Fourier transform. ® denotes the convolution process
and E(Lp% (r, ¢, z) is the LG mode previously defined in Eq. 1. Eq. 3 can then be expressed as

exp(i2k oo r2m
I= 71).( /) / / tppmux B (r, ¢, 2)rdrd® (4)
iAf 0 0

where f is the focal length of the lens used in the decomposition, A is the wavelength and k is the wavenumber.
The mode corresponds to a bright spot at the center of the output detector. If there is a mismatch between the
incoming mode and the mode in the receiver the central spot will itself become a small ring with a low intensity
in the center, which will cause a negligible signal on the detector. Note that each mode has a pre-defined position
on the detector.

2.2 Experimental Setup

The experimental setup for information encoding using LG modes is shown in Fig. 2. An expanded HeNe laser
beam was directed onto the liquid crystal display (LCD) at the first spatial light modulator (HoloEye Pluto-VIS
with a 1920 x 1080 pixels of pitch 8 um and calibrated for a 27 phase shift at A ~ 633 nm) where the information
was encoded in the LG modes. The resulting image was filtered using a 4 f imaging system and then imaged onto
SLMjy. The LCD of SLMy was programmed with the multimode, demultiplexing hologram and the resulting
signal was detected by a CCD camera placed after the Fourier transforming lens L. The generation of the digital
holograms in both SLMs was done using an amplitude modulation technique.!®
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Figure 2. Schematic of the experimental setup for information encoding using Laguerre Gaussian modes. Lenses L1, Lo,
Ls, Ls and Ls have focal lengths f1 = 50 mm, fo = 500 mm, f3 = 500 mm, f4 = 500 mm and f5 = 150 mm, respectively.
A is a filtering aperture. SLM; and SLM2 denote the spatial light modulators and M represents a mirror. The detector
is a CCD camera.

We first program our input gray-scale image on our system. Since the SLM can be dynamically addressed, the
hologram is generated on SLM; according to the value of the first pixel of the input image and then a beam
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is transmitted to the second SLM which is programmed with the multimode demultiplexing hologram. The
incoming mode is identified and the pixel value is recorded. The processing is continuously done pixel by pixel
and here we assume that the size of the image and the position of each transmitted pixel are known by the
receiver.

As explained in section 2.1, when the image is RGB, three modes are multiplexed and a multimode hologram is
programmed on SLM; resulting in a single beam (containing the pixel information) being transmitted to SLMs
where a multimode demultiplexing hologram is used to identify all the colours. The pixel information is recorded
and the image is recovered pixel by pixel.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Using the information encoding technique described above, the results are depicted in Fig. 3. We were able to
transmit and recover gray-scale images with 30 different gray-scale values and RGB images with 10 different
RGB values.

| . .
’ l l

Figure 3. Examples of the images transmitted using the proposed information encoding method (a) and (b) are 10 values
RGB images and (c) 30 gray-scale images. On the left the original images and on the right the recovered images.

To illustrate the robustness of the proposed method, we slightly changed the setup described in Fig. 2 and we
placed after the first SLM a turbulence plate encoded with the Kolmogrov turbulence model. The turbulence
strength is measured by means of the Strehl ratio (SR).!” We recall that when the SR is moving towards 0 the
turbulence strength increases. We make use of four different LG modes with the following indices: (p = 1, £ = 2),
(p=1,£=-2), (p=0,£=05) and (p =0, £ = —5) to encode a four gray-scale image.
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Figure 4. (a) Original 4 gray-scale Albert Einstein image. Received image for (b) SR=1, (¢) SR=0.8, (d) SR=0.6 and (e)
SR=0.4.

The initial image and corresponding reconstructed images (Albert Einstein images, 89 x 75 pixels) are depicted in
Fig. 4. For SR=1 and SR=0.8, we find that we are able to recover the initial image with 100% fidelity as depicted
in Fig. 4 (b) and Fig. 4 (c¢). However, in Fig. 4 (d) for a SR=0.6 the average error transmission rate based on
the sent and received measured pixel intensities is found to be very low and has a value around 4.5 x 1074% .
For an intense turbulent medium where SR=0.4, the image was distorted with an average transmission error of
3.55 % as shown in Fig. 4 (e) but still recognizable with respect to the original image.

4. CONCLUSION

In conclusion, we have shown that Laguerre Gaussian modes can be used to encode data onto a laser beam for
transmitting information in optical systems. We were able to detect the modes in different scenarios with high
fidelity. The presented technique was scarcely affected by atmospheric turbulence and no correction was applied.
We are convinced that this technique will find uses in the commercial free space communication systems and in
mode de-multiplexers in optical fiber.
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