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ABSTRACT

We analyze the effect of atmospheric turbulence on the propagation of multiplexed Laguerre Gaussian modes.
We present a method to multiplex Laguerre Gaussian modes using digital holograms and decompose the resulting
field after encountering a laboratory simulated atmospheric turbulence. The proposed technique makes use of
a single spatial light modulator for the generation of superimposed beam and a second spatial light modulator
and a CCD camera for the modal decomposition. The obtained results demonstrate how sensitive the Laguerre
Gaussian beams are to atmospheric distortions.
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1. INTRODUCTION

Recently a technique, known as mode division multiplexing (MDM), obtained a lot of attention from the scien-
tific community.1 MDM offers the possibility to scale the capacity of a single channel transmission system by
several orders of magnitude in order to avoid a future anticipated “capacity crunch”.2 In MDM transmission,
each spatial mode can be used as an independent information carrier. MDM have been widely used to improve
the optical communication capacity in both fiber and free space.3–5 Two key techniques are required for a mode
division multiplexed communication: the multiplexed mode generation and the modal decomposition.
In a free space communication, the atmospheric turbulence aberrations cause severe performance degradation
on the propagation of optical signal and may be susceptible to modal crosstalk. The atmospheric turbulence is
a stochastic process and different models were proposed to describe the random distortions. The effects of the
turbulence have been studied extensively in the case of single mode propagation transmission system.6–8

In this context we are interested in multiplexing Laguerre Gaussian (LG) modes in free space. In this paper,
we report on experimental results of multiplexing and de-multiplexing of Laguerre Gaussian modes using spatial
light modulators. Particularly, the multiplexing digital holograms are encoded by complex amplitude modulation.
Using a complete modal decomposition technique, we show that we are able to detect the phase and the amplitude
of initially excited modes with high fidelity. We also demonstrate the simulation of atmospheric turbulence in
the laboratory using a diffractive plate encoded for Kolmogorov turbulence model. We discuss the impact of
different turbulence strengths on the purity of the multiplexed modes after de-multiplexing. We consider this
work to be helpful in the case of high bit rate optical communication.
The outline of this paper is organized as follows: In section 2, the theory of mode generation and modal
decomposition is presented. Section 3, is devoted to the experimental realization of the Laguerre Gaussian mode
multiplexing and detection. In Section 4, the main results are discussed with respect to the applied atmospheric
distortions to the multiplexed Laguerre Gaussian modes. Finally, section 5 concludes the paper.
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2. CONCEPT AND THEORY

The aim of our work is to generate a superposition of Laguerre Gaussian modes and then perform radial and
azimuthal modal decomposition to recover the initially multiplexed modes with and without atmospheric turbu-
lence. The superposition of an optical field with Laguerre Gaussian modes, in polar coordinates, can be written
as follows:

U(r,Φ) =
∑
p,l

cp,lE
LG
p,` (r,Φ) (1)

where r=(x,y) represents the two dimensional vector position in the source plane and Φ is the azimuthal angle.
ELGp,` is the Laguerre Gaussian mode with radial index p and azimuthal index ` and cp,l is the corresponding
modal content.
Let ρp,l = c2p,l the modal power of mode ELGp,` . Since the Laguerre Gaussian modes form a complete orthonormal
basis, the modal power can be found as follows:

ρp,l =
1

2π

∫ ∞
0

∫ 2π

0

tp,`(r,Φ)U(r,Φ)rdrdΦ (2)

The physical implementation of the inner product is the modulation of the multiplexed signal at the origin of
the Fourier plane with a transmission function denoted as tp,`(r,Φ). The resulting signal can be calculated
numerically as follows:

Il,p(0) = F(U(r,Φ))⊗F(tp,`(r,Φ)) (3)

where F represents the Fourier transform and ⊗ denotes the convolution process. Eq. 3 is then expressed as:

Il,p(0) =
exp(i2kf)

iλf

∫ ∞
0

∫ 2π

0

tp,`(r,Φ)U(r,Φ)rdrdΦ (4)

where f in the focal length used in the decomposition λ is the wavelength and k is the wavenumber.
The transmission function of the modal decomposition is given by:

tp,`(r,Φ) = ELGp,` (r,Φ) (5)

In the presence of atmospheric turbulence aberrations for Kolmogorov turbulence model, the initial LG field
(ELGp,` )i becomes:

ELGp,` = (ELGp,` )i exp(iπbZmn ) (6)

where Zmn is the Zernike polynomial of radial order n and azimuthal order m, and b is the aberration strength
in the form of a simple weighting factor.9 The turbulence aberration strength can also be characterized by the
Strehl ratio (SR) as explained in Ref. 10.

Now we demonstrate how to experimentally multiplex LG modes and perform radial and azimuthal modal
decomposition using spatial light modulators and digital holograms. We insert a turbulence diffractive plate to
simulate the atmospheric turbulence.

3. EXPERIMENTAL REALIZATION

The experimental setup comprises two parts P1 and P2: the generation and then decomposition of the multimode
field, as shown in Fig. 1. A HeNe laser was expanded through a telescope formed by two lenses L1 and L2 onto
the liquid crystal display (LCD) of a spatial light modulator (SLM) (HoloEye, PLUTO-VIS, with 1920 × 1080
pixels of pitch 8 µm and calibrated for a 2π phase shift at 633 nm). To execute LG mode multiplexing, we
used amplitude modulation using the technique explained in Ref 11. The resulting superposition beam was then
directed to a second SLM, denoted as SLM2 for achieving the modal decomposition. This was accomplished by
performing an inner product of the incoming optical field with the transmission function set to ELGp,` (r,Φ), for
particular ` and p. The azimuthal index ` are ranging from -10 to 10 and the radial index p are ranging from 0
to 5.
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Figure 1. A schematic of the experimental setup for accomplishing the decomposition of a Laguerre Gaussian field. The
Lenses L1, L2, L3, L4 and L5 have focal lengths f1 = 40 mm, f2 = 750 mm, f3 = 500 mm, f4 = 500 mm and f5 = 150
mm, respectively, and SLM1 and SLM2 denote two spatial light modulators. M1, M2 and M3 represent mirrors. The
detector is a CCD camera.

Fig. 2(b) and Fig. 2(c) show respectively, experimental and theoretical images of a four multiplexed mode-beam
taken at the far field of SLM1 and generated by the digital hologram depicted in Fig. 2(a).

Figure 2. Images (a) of digital hologram (b) theoretical and (c) experimental of four multiplexed LG modes with p=1 and
` = 1, ` = 3, ` = 5 and ` = 7

4. EXPERIMENTAL RESULTS AND DISCUSSION

We first create a superposition of two Laguerre Gaussian modes having opposite azimuthal indexes ` = 5 and
` = −5, and same radial index p=0 with equal weighting. The resulting signal is equal to:

U(r,Φ) = ELG0,−5(r,Φ) + ELG0,5 (r,Φ) (7)
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In this study case, we only apply an azimuthal index decomposition. Five different turbulence strengths [corre-
sponding to Strehl ratios values of SR=0.45, SR=0.25, SR=0.10, SR=0.05, and SR=0.03], from weak to strong,
were used with the impact on the Laguerre Gaussian modes shown in Fig. 3. Without the turbulence plate, the
results show a pure azimuthal spectrum with equal modal content for ` = 5 and ` = −5 as seen in Fig. 3(a). At
weak and moderate turbulence levels (SR=0.45 and SR=0.25), the azimuthal spectrums spread into neighboring
modes but ` = 5 and ` = −5 still have the higher modal contents [Fig. 3(b), Fig. 3(c)]. As the turbulence
becomes stronger the ` spectrum becomes wider which induces higher crosstalk values.

Figure 3. (a) ` decomposition spectrum without turbulence and (b), (c), (d), (e) and (f) ` decomposition spectra for
SR=0.45, SR=0.25, SR=0.10, SR=0.05, and SR=0.03, respectively

Next we multiplex four LG modes with same radial index p = 1 and azimuthal indices ` = 1, ` = 3, ` = 5 and
` = 7. All the modes have the same modal content. The resulting field can be written:

U(r,Φ) = ELG1,1 (r,Φ) + ELG1,3 (r,Φ) + ELG1,5 (r,Φ) + ELG1,7 (r,Φ) (8)

Without turbulence we obtain a perfect spectrum with no crosstalk on ` or p as observed in Fig. 4(a). These
results show the versatility of our decomposition technique in a perfect medium. At strong turbulence (SR=0.10),
the p spectrum broadens and so ` spectrum does, as seen in Fig. 4(b).
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Figure 4. LG radial and azimuthal spectrum for initially generated modes with p=1 and ` = 1, ` = 3, ` = 5 and ` = 7 (a)
without plate and (b) for SR=0.1

The results show the high sensitivity of the LG modes to atmospheric turbulence.

5. CONCLUSION

We demonstrate a technique to multiplex and decompose Laguerre Gaussian modes using digital holograms. We
also investigate the impact of the atmospheric turbulence on the mode multiplexing. We consider this work to
be useful for optical modes transmission where we demonstrate that mode generation and mode decomposition
could be highly controlled.
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