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Optical beams with nonuniform polarization offer enhanced capabilities for information transmission,
boasting increased capacity, security, and resilience. These beams possess vectorial features that are
spatially organized within localized three-dimensional regions, forming tensors that can be harnessed
across a spectrum of applications spanning quantum physics, imaging, and machine learning. However,
when subjected to the effect of the transmission channel, the tensorial propagation leads to a loss of data
integrity due to the entanglement of spatial and polarization degrees of freedom. The challenge of
quantifying this spatial-polarization coupling poses a significant obstacle to the utilization of vector beams
in turbulent environments, multimode fibers, and disordered media. Here, we introduce and experimentally
investigate mosaic vector beams, which consist of localized polarization tesserae that propagate in parallel,
demonstrating accurate measurement of their behavior as they traverse strongly disordered channels and
decoding their polarization structure in single-shot experiments. The resultant transmission tensor
empowers polarization-based optical communication and imaging in complex media. These findings
also hold promise for photonic machine learning, where the engineering of tensorial flow can enable optical

computing with high throughput.
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Vector beams are electromagnetic fields characterized by a
polarization profile that varies in space [1,2]. Numerous
studies have showcased their profound impact on photonics
applications [3], catalyzing advancements in metrology
[4-10], quantum information processing [11-13], spin-
tronics [14], and optical communication [15-19]. Notably,
vectorial structured light has facilitated the characterization
of quantum channels using classical light [20], high-
dimensional quantum cryptography [21], all-optical neural
networks [22], and the development of diffractive transfor-
mers [23].

Despite their significant potential, the utilization of vector
beams in complex media remains a formidable challenge.
These beams are highly susceptible to strong mode-mixing,
turbulence, and disorder, factors that disrupt their vectorial
structure [24-28]. Retrieving the original polarization
information becomes a daunting task, given the absence
of a readily measurable quantity that encodes the vectorial
scattering process.

In this Letter, we present the first experimental meas-
urement of the tensorial flow characterizing the propaga-
tion of mosaic vector beams through a disordered channel.
Mosaic beams encode a varying polarization within spa-
tially localized regions, offering a framework for designing
a method to measure multidimensional information and the
resulting transmission tensor in complex media. These
beams are constructed from tesserae whose scattering can
be rigorously analyzed. We introduce and validate a simple
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noninterferometric technique for measuring the effective
part of the transmission tensor using a minimal set of
intensity images. This real-valued tensor is a quantity
practically useful in experiments. By harnessing the mea-
sured four-index tensor, we successfully decode polarization
information through a strongly scattering medium. From a
single-shot intensity detection of the speckle pattern, we
accurately retrieve four polarization modes. These results
pave the way for novel approaches to communication and
imaging using polarization-structured light. Given the piv-
otal role of tensors in machine learning, we anticipate that
our measurement will also provide a valuable tool for
optical computing by enabling the engineering of tensorial
propagation.

The transmission of vector beams through complex
media has been the subject of intense debate. Recent
findings have proven the polarization pattern is nonresistant
to aberrations and turbulence [27]. Only a global property
of the beam—the vectorness—has been found invariant
under perturbations within the optical path, which suggests
that alternative bases are necessary for robust multimode
communication [28]. Moreover, any robustness to pertur-
bations is lost in the case of strongly disordered media that
affect both the polarization and spatial degree of freedom,
i.e., for the so-called two-sided channels. Retrieving the
input polarization structure through these channels is the
critical problem that we solve in this Letter. Recently, we
have proved polarization reconstruction by passing the
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FIG. 1.

Scattering of vector beams in disordered channels. (a) A mosaic vector beam composed of D = 16 tesserae of uniform

polarization. The image shows the right-circular intensity of a generated beam with randomly selected SOPs. The field in the nth tessera
is illustrated on the Poincaré sphere. Scale bar is 1 mm. (b) Sketch of a strongly disordered channel, for example, a twisted and bent
multimode fiber or an opaque medium. (c) The transmitted intensity is a speckle pattern with no trace of the input mosaic. The inset
false-color maps are the spatially resolved azimuth and ellipticity angle over output modes of size of 10 x 10 pixels. (d) Polarization
coupling parameter ¢ measured for four different glass diffusers. Scatterers lying in the gray area, which couple the field in space and

polarization, are referred to as strongly disordered channels.

vector beam in a scattering medium and using supervised
learning [29]. In that approach, the transmission channel
representing the scatterer is regarded as a black box whose
properties remain unknown. Conversely, here we first use
designed mosaics to determine the transmission tensor of
the medium, furnishing a description of the unknown
channel. Then, we exploit the knowledge of the tensor
to reconstruct any mosaic beam without machine learning
techniques. The result is twofold: we give a solid founda-
tion to machine learning polarimetry [29] and we provide a
new method for characterizing the transmission of
disordered media and unscrambling vectorial struc-
tured light.

Figure 1 reports an illustration of our system. Details on
the experimental setup are reported in Supplemental
Material [30]. The input mosaic beam is made by D
uniform states of polarization (SOPs) in separated spatial
blocks (tesserae). These wave functions provide spatially
orthogonal optical states and allow studying the propaga-
tion of nonuniformly polarized light in terms of discrete
input-output modes. They can be generated easily by
phase-only spatial light modulators (SLMs). In Fig. 1(a)
we show the measured intensity of a mosaic beam
generated at 4 = 532 nm, composed by D = 16 tesserae
with random SOP. The continuous-wave laser beams are
made to propagate through a thick glass diffuser that acts as
a strongly disordered channel [Fig. 1(b)]. The far-field
transmission shows a speckle intensity with no trace of the
input spatial partitions. The output polarization varies from

point to point in a disordered way. As shown in Fig. 1(c),
the azimuth angle € and ellipticity & of the SOP [34] have
random values in each output mode. This indicates the
mixing of the input SOPs and the coupling between
polarization and spatial degrees of freedom. To quantify
the amount of space-polarization coupling induced by the
scatterer, we send L uniform beams (D = 1) having the ith
Stokes parameter S; = 0, we measure the corresponding
output |S;| averaged over space [35], and evaluate the
polarization coupling parameter as ¢ = > ©|S;|/L. We test
four diffusers with different grits. Figure 1(d) reports ¢
versus the total transmission for the four samples (channels
1-4). We observe that channels exhibit either near-zero or
large g values, two distinct conditions referred to as weak
and strong coupling. In weak coupling, the channel main-
tains the input SOP and affects only the spatial degree of
freedom (one-sided channel). The measured degree of
polarization is high (v ~0.97). The speckle pattern is
developed without polarization scrambling [36]. On the
contrary, in strong coupling, the output light appears
depolarized [see Fig. 1(c)] and two orthogonal polarization
components of the speckle are found uncorrelated. At
difference of recent studies of vector beams in complex
media [27], our experiments refer to strong coupling (two-
sided channel).

To model the scattering of mosaic vector beams, we
consider the monochromatic paraxial field W(x,z)
impinging on the diffuser at position z = zy, which in
quantumlike notation writes as
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FIG. 2. I:prerimental measurement of the tensorial flow. (a) Scheme of the 16 input mosaic beams used to measure the transmission
matrices K}l‘fi, when D =4. H, V, D, and R, indicate horizontal, vertical, diagonal, and right-circular SOP. (b) Example of the four
measured matrices K i; Data are normalized to the absolute maximum. Colored boxes highlight differences between the components in

nm

the same spatial regions. Scale bar is 1 mm. (c) Graphical representation of the entire measured tensor K af » obtained by contracting the n
and m indices and unfolding the spatial vector x in M = 64 000 points.

D 2

W(z0)) = YD anA,e

n=1 a=1

@)|n), (1)

where D is the number of tesserae in the mosaic, n the
tessera index, a the polarization index, being 4" = €, a} +
€,a} the polarization of the nth tessera, and A, = /I, and
xn the laser amplitude and phase over the nth spatial
domain (see Supplemental Material [30]). The field in
Eq. (1) exhibits nonseparable correlations between polari-
zation and spatial modes (nonzero vectorness), which can
be quantified by using quantum-inspired metrics [37-39].
The diffuser acts as a unitary operator, D, and the
field at a distance z — zy from the diffuser is |¥(z)) =
U(z = 20)D|¥(zy)), where U is the Fresnel propagation
operator. The operator D is not separable and applies to the
entire field, and thus represents a two-sided channel. By
defining the effective scattering operator

2

K(x,2)=> DU (z - z)

a=1

a.x)(a.x|0(z=z)D. (2)

the point-dependent transmitted intensity is

I(x,2)= Y Y cakuy(x.2)cp, (3)

K (x,2) = (a,n|K(x,z)|f.m) and c! = alA,e%. We
refer to ngq as the transmission tensor, being n, m the
tessera and a, ff the polarization indices. Kp4' is composed
by D? complex-valued matrices of size 2 x 2 for each
spatial point x. The tensor is Hermitian: K75 = K. This
operator generalizes the transmission matrix [40] and its
vectorial extension [41] to input polarization modes and
output intensity modes. The rank of K is 4 times larger
than the corresponding transmission matrix for the same
number of input modes. Equation (3) reveals that the
pointwise intensity is a function of all the SOPs of the
input mosaic. The entire polarization information is
encoded in every point of any single speckle pattern.
Therefore, Ky fully characterizes the disordered channel.

We develop a simple and rapid method to measure the
real tensor N{Ky'} = K}t for arbitrary D. We call K}y
tensorial flow. We experimentally prove that the tensorial
flow is an effective quantity for controlling the transmission
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of the mosaic beam and for decoding the original polari-
zation structure. Our technique obtains K oy algebraically
from a minimal set of intensity measurements with pre-
pared input SOPs. The experimental procedure is explained
in Supplemental Material [30]. The method is scalable: to
determine the element IN(Z;’; we need to vary only the
polarization of the nth and mth tessera at constant y, and
A,,. We prepare the n part and m part of the mosaic in the
states &" =4&; = and a" =a;, where i,j=1,....4
denotes the indices of three mutually unbiased bases,
e.g., horizontal (H), vertical (V), diagonal (D), and right-
circular (R) polarization. The SOP of the remaining D — 2
input parts is chosen arbitrarily and kept constant. We
measure the corresponding intensity patterns /;;. The tensor
components of indices n and m are obtained in compact
form as

K = P'l,,P, (4)

where P is a matrix of real coefficients and Iy, is made by
16 intensity measurements /;; (i, j =1,..4). To give an
example, Fig. 2(a) illustrates the SOPs of the 16 input
mosaics used to measure the tensor component K {1;/15 when
D = 4. The resulting spatially resolved K is shown in
Fig. 2(b) by using four intensity maps. Each map gives the
normalized contribution to the intensity that comes from
the polarization components of that couple of tesserae. To
obtain the full tensorial flow, we measure D? matrices as in
Fig. 2(b) by varying the tessera indices and keeping fixed
the polarization bases. Figure 2(c) reports a four-dimen-
sional view of the entire 1?221 measured for D = 4.

We validate the measured tensor by showing that it
accurately characterizes vector beam propagation through
the diffuser. We generate an arbitrary mosaic beam encod-
ing four SOPs [Fig. 3(a)] and we use the data in Fig. 2(c) to
predict the intensity pattern on the output plane. We directly
apply Eq. (3) by summing all the 64 terms. The result is
shown in Fig. 3. We find a very good agreement between
the predicted output [Fig. 3(b)] and the direct measurement
[Fig. 3(c)]. The small-scale features of the speckle pattern
are successfully reproduced, with the position of most
speckles that coincides. Bright spots are found with high
precision, while the discrepancy is visually more evident in
low-intensity regions where noise has a larger effect. The
correlation between the images is p = 0.67, to be compared
with p ~ 0 given by two independent speckle patterns with
the same spatial coherence. The average root-mean-square
error is RMSE = 0.06. These quantities furnish a figure of
merit on the accuracy of the measured K uf - The precision
is mainly limited by the fidelity of the input mosaic beams,
which is affected by the uncertainty on the generated SOPs
and the inhomogeneity of the beam intensity. The result
proves that I?ZZ’ is effective in modeling the experimental
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FIG. 3. Experimental validation of the measured tensorial flow.
We predict the intensity scattered by a diffuser for any input
SOPs. (a) Polarization ellipses showing the four SOPs encoded in
a mosaic beam with D = 4. (b) Intensity pattern calculated from
the measured tensor K - (€) Measured intensity as received on
the camera plane. Colored boxes highlight the same distinctive
small-scale features in the predicted and measured speckle
pattern. Scale bars are 200 pm.

channel and underlines the robustness of our measurement
method.

We exploit the measured I?Zzl to demonstrate the
decoding of the input SOPs from the scattered intensity.
We consider the inverse problem for Eq. (3), i.e., obtaining
all the coefficients a; and aj by a single-shot measurement
of I(x). We solve the problem numerically by constructing
a linear system with complex variables wiy' = a_ga;,," and
applying the constraint |a}|+ |a5| =1 on the real and
imaginary part of each wy'. Figure 4 shows that we are able
to retrieve the input polarization structure. The polarization
message, composed of four SOPs [Fig. 4(a)], is received as
a speckle intensity [Fig. 4(b)], from which we get the
polarization ellipses in Fig. 4(c). This proves simultaneous
and accurate transfer of multiple polarizations through
strong disorders. The polarization string is decoded with
an overall error E = Y 2 AS"/D = 0.09, being AS" the
Euclidean distance between the encoded and decoded nth
Stokes vector. We compare the error with a supervised
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FIG. 4. Decoding vector beams in complex media. (a) Input
message encoded in four SOPs (D = 4). (b) Intensity distribution
detected after the scattering medium. (c) Polarization ellipses
deciphered from the received image by using the tensorial flow
K7y Scale bar is 200 pm.

learning reconstruction [29] that employs the same number
of measurements necessary for obtaining I?g;;” (256 for
D = 4). Requiring thousands of measured data for training
to operate with high precision, the performance of the
neural network is poor when based only on 256 samples
[29]. The transmission tensor method achieves two times
larger accuracy. From the achieved decoding precision, we
estimate that each polarization mode can carry nearly 7 bits
of information. The capacity of the multimode link can be
augmented further in a simple way by increasing D.

In conclusion, we have reported the first measurement of
the tensorial flow of mosaic vector beams in a disordered
medium. Our transmission tensor is a novel tool for
measuring and controlling the large-scale evolution of
complex data within complex media, potentially impacting
schemes in cryptography [42], imaging [43] and quantum
optical communication [44]. We have demonstrated that the
measured tensor enables the decoding of polarization
structures in strongly scattering channels. The result opens
the route to polarization-based optical communication
through links of practical interest.

The framework here presented applies to a wide range of
disordered channels, encompassing turbulent free-space
links and multimode fibers, and can be extended to nonlinear
disordered media [45]. Our method, characterized by both
speed and scalability, finds broad utility in photonic devices
that leverage large-rank datasets. As an illustrative example,
our demonstration of vector beam delivery through disorder
(as depicted in Fig. 4) materializes as a practical reali-
zation of polarization-based optical encryption, with the

transmission tensor serving as an enhanced security key.
Moreover, within the realm of optical computing, the large
rank of the transmission tensor can furnish additional
functionalities in photonic Ising machines [46—49] and
learning machines [50-53]. The characterization of mosaic
vector beams not only advances our fundamental under-
standing of light in complex media but also opens a wealth of
possibilities for applications across various scientific areas.
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