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Context and motivations:

The control of light propagation in optical multimode fibers is an active and fast-growing field
of research. Unlike single mode fibers, multimode fibers are optical waveguides that allow many
trajectories, or modes, to propagate. For this reason, they are currently intensively studied for
optical telecommunications and for endoscopic applications. Indeed, taking advantage of the
spatial degrees of freedom would allow increasing significantly the number of channels for com-
munications applications, similarly to MIMO (Multiple-Inputs / Multiple-Outputs) systems
deployed for wireless communications [1, 2, 3]. At the same time, researchers investigate the
way to control and study light propagation in multimode fibers for their use as minimally inva-
sive endoscopic imaging devices [4, 5, 6], allowing to improve resolutions compared to classical
endoscopes using fiber bundles.

In both cases, the reconstruction of a signal or an image is difficult because of the presence
of dispersion and randomness of light propagation. Randomness arises from to the existence of
defects and the geometry of the fiber (bending, twisting, etc.). A direct consequence is that an
image at the input of a multimode fiber results in a seemingly random pattern at the output
that bears no resemblance to the input one.

A first approach to reconstruct a signal or an image is to learn the transmission matrix [7],
which describes the link between the input and the output of an optical system, using the tech-
nique we developped at the Langevin Institute for scattering media [8]. However, it requires to
have access to both sides of the system for the calibration, which can be difficult to obtain and
that is only valid as long as the system does not change.

However, as in multiple scattering media that also scrambles input light, there exist invari-
ant properties that can help us to retrieve information about an input image without the need
to know the full transmission matrix. A good example is the existence of a rotational memory
effect for weakly disordered fibers. It implies that if one can learn how to focus on one point of
the fiber, by rotating the input wavefront, one can scan all the points on a circle (Figure 1.).
It allows us to scan the output facet of the fiber with only limited information.

The objective of this project is to find and study invariant properties in multimode fiber in
order to improve imaging capabilities of current systems. The ultimate goal is to lift the need
for calibration to allow one-shot imaging through a multimode fiber for real-time imaging in
biological samples.
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Figure 1: Illustration of rotational memory effect. By rotating the input mask that focuses
light at one output position, we focus light at another position on a circle. Image from [9].

Preliminary results

For low disordered fibers, which is the case for short (few centimeters to few tenths of cen-
timeters) systems used for endoscopic applications, one can use a priori information about the
statistics of the transmission matrix, even when the actual matrix is not known. If we add
some known statistical properties, or other priori knowledge about the image, which is usually
available for microscopy, we can reconstruct the image without calibration. We developed an
algorithm adapted from sparse blind deconvolution algorithms [10], that allows, in simulation,
reconstructing images from the output speckle pattern in one shot, even if the fiber changes
over time (Figure 2.)

© 0@

Figure 2: Results of the simulations using the sparse blind deconvolution for calibration-free
imaging through a multimode fiber. Input intensity object (left), output speckle intensity
pattern (middle) and reconstructed image (right).

Project description

Taking advantage of the expertise of the Langevin Institute in the theory and experimental
control of light propagation in complex media [11, 8, 12| and multimode fibers [7|, the student
will use wavefront shaping techniques to study and measure invariant properties in multimode
fibers. In particular, we will investigate the analogy between scattering media and multimode
fiber to take advantage of known results and tools developed in this field and apply them to op-
tical fibers. On the experimental side, we will characterize transmission matrices of multimode
fiber systems to highlight and charaterize the invariant properties. Using custom made algo-
rithms, we will transpose the concept demonstrated in simulations for calibration-less imaging
through multimode fibers.
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