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Structured light offers a promising solution for the increasing data demands of modern optical networks, opening
up degrees of freedom that can be leveraged for greater channel capacity and more bits per photon. However, its
implementation is hindered by real-world distortions, for example, atmospheric turbulence in free space, with se-
vere and rapidly evolving phase perturbations that alter the amplitude, phase, and vectorial polarization structure
of the beam. Here, we demonstrate that optical topologies in the form of skyrmions are highly resilient to the ef-
fects of real-world atmospheric turbulence. We create and transmit these particle-like topologies of light through
a 270-meter free-space optical link, revealing their robustness across a wide variety of conditions and turbulence
strengths. While we observe severe distortion in the states’ underlying degrees of freedom, we show that the topo-
logical numbers are preserved in all cases. We account for fast changes to the medium, where the channel pro-
duces statistically averaged outcomes, by probing the state’s decoherence, showing that while the degree of
polarization consequently decays, the topology remains intact. Using topology, we show that information can be
transmitted through the channel with almost perfect fidelity (>98%) in most cases, only decreasing to 86% in the
most severe conditions tested. This work idemonstrates the potential for optical topologies as reliable and robust
information carriers in a real-world environment and points to the potential for other complex channels too, offer-

ing attractive features for classical and quantum communication alike.

INTRODUCTION

The use of light to transmit information has had a profound impact
on how we communicate. The ever increasing need for higher trans-
mission speeds and greater bandwidths has driven a wide variety of
research efforts, with 1 encoding schemes that involve multiplexing
in time (1), wavelength (2), polarization (3), and combinations of
these (4, 5), allowing for advances in modern communication net-
works. Free-space optical communications (FSOC) has especially
attracted interest, with the ability to establish high-speed, secure,
and license-free communication links that are energy efficient and
easy to deploy (6, 7). Structured light (8) offers the potential to fur-
ther increase the capacity of these channels through the use of
space-division (9-11) and mode-division multiplexing (12-14) en-
abled by the tailoring of multiple degrees of freedom (DoFs) in both
classical and quantum regimes (15-17).

The primary factors limiting the use of structured light in these
contexts are the deleterious effects of the complex phase profiles and
optical scatterers present in the real-world media through which
light propagates. This includes biological tissue (18-20), optical fi-
ber (21), and, for FSOC, atmospheric turbulence (22). Nonuniform
refractive index profiles caused by variations in temperature and
pressure result in unwanted coupling within these high-dimensional
DoFs in classical links (23-27) and a loss of entanglement for quan-
tum channels (28-33) resulting in decreased performance and the
loss of information. Numerical and digital technologies are widely
used tools for investigating this problem, but only a handful of stud-
ies making use of real-world atmospheric channels (34-39).

Strategies to mitigate these effects have taken on many forms,
including the use of adaptive optics (40-42), machine learning (43),
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modal diversity (44), and phase conjugation with nonlinear optics
(45, 46) to name a few. An alternative and exciting approach is to
leverage the physics of atmospheric turbulence to find or create in-
variant forms of structured light, which can pass through medium
as if it were transparent. These invariants can take many forms with
recent studies including eigenmodes (47, 48), optical knots (49), and
the nonseparability of the vectorial beams (50, 51) each with their
own benefits and limitations. Optical skyrmions (52) are easy to
generate, scale, measure, and bring to bear the many advantages of
topology, where the mapping from real-space to a given parameter
space is preserved, so long as the channel can be described as a
smooth deformation of the map. It is not yet known which channels
meet this criterion, and finding the channels that do is an active area
of research. It has recently been demonstrated in controlled labora-
tory studies that classical skyrmions are robust to certain optical
transformations (53), scattering media (54), and simulated atmo-
spheric turbulence (55, 56). Likewise, it has also been demonstrated
that nonlocal quantum skyrmions are immune to the effects of en-
tanglement decay (57) and isotropic noise (58). These studies used
single phase screens and thus limited to only weak perturbations
and did not venture to dynamic media with decoherence effects. To
date, there has as yet been no demonstration of the robustness of any
optical topology through realistic environments.

Here, we present results testing the stability of topological light
through a real-world atmospheric channel. We prepare several opti-
cal skyrmions and transport them through a 270-m free-space opti-
cal link located on the Braamfontein campus of the University of the
Witwatersrand, in the center of Johannesburg, South Africa. We mea-
sure the topology with a simple, single shot, spatially resolved Stokes
polarimetry setup, allowing for the simultaneous measurement of all
four Stokes parameters. We demonstrate that the topological wrap-
ping number remains robust through the channel over a wide variety
of atmospheric conditions, ranging from calm, cool morning air to
the highly erratic and intense distortions of the midday heat. We first
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present results of measurements made within the atmospheric co-
herence time 7, the timescale at which the medium appears trans-
parent to the propagating beam and the typical upper limit for most
classical communication schemes. We show that in this regime, the
topological wrapping number is highly robust, being easily recov-
ered even when the amplitude and phase distortions induced by the
channel leave the underlying beam unrecognizable and the vectorial
polarization structure highly scrambled. In addition, we also dem-
onstrate the robustness of this topology to the decoherence and de-
polarization effects of turbulence, by averaging measurements over
timescales greater than 7, allowing the experienced distortion to
evolve during the measurement. These timescales are relevant when
long measurement times are needed, for example, with slow detec-
tors or when measuring single or biphoton states which require the
buildup of statistics over time. Again, we show the preservation of
the topological wrapping number despite an almost 40% drop in the
beams degree of polarization (DoP). All measurements are performed
with no probing of the medium and no pre- or postcorrection is made
to compensate for the channel distortion. These results provide com-
pelling evidence for the benefits of topological light and its potential
to greatly improve the capacity of FSOC, both classical and quantum.
They also motivate the development of new technologies for the effec-
tive and efficient generation and detection of topological light and
open up exciting avenues for robust, correction-free optical commu-
nication and transmission through complex channels.

RESULTS
Creation and detection of optical skyrmions
We construct optical skyrmions of the form

U@) = LG2 (P)e, + LG?Z (r)e; 1)
where LGIZ) (r) represents a Laguerre-Gaussian (LG) complex field, r
is the transverse spatial coordinate, and e, represent the right
(left) circular polarization unit vectors, respectively. We set the ra-
dial index of the LG beam to p = 0 for convenience and modulate
the azimuthal index [ to tune the topological wrapping number. This
index imbues the beam with an orbital angular momentum (OAM)
of I per photon. States of this form are commonly referred to as
vector beams (59, 60) and exhibit complex, spatially varying polar-
ization structures across the transverse plane. In the cases where
[ 11| #]L,|, the spatially varying polarization structure, shown on the
left hand side of Fig. 1, forms a skyrmionic topology. This mapping is
characterized by a sphere-to-sphere mapping from the transverse
plane R?2 through a stereographic projection to the Poincaré sphere
S2, shown by the mapping from the vector textured field in the trans-
verse plane to the Poincaré sphere. Each skyrmionic topology is
uniquely characterized by the topological wrapping number N, also
called the skyrmion number. This integer value counts how many times
one wraps the Poincaré sphere as one moves across the entire transverse
plane (52). The wrapping number for a skyrmion formed using the
three-dimensional Stokes vector field can be calculated as follows

N=LJ S- ﬁ><E dxdy
4n Jx2 0x Oy

where § is the locally normalized Stokes vector such that =7 §? =1
to ensure the final mapping is always onto a unit sphere. For the
above states, Eq. 2 simplifies to N = n|I; — L, |, where n = sign (I, —1, )
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Fig. 1. Skyrmionic topology through turbulence. lllustration showing how opti-
cal skyrmions are formed via a mapping from the transverse plane to the Poincaré
sphere, characterized by the skyrmion number N. When these states pass through
a turbulent channel, the beam’s structure is heavily distorted in phase, amplitude,
and polarization, but the mapping to the Poincaré sphere is unchanged.

As illustrated in Fig. 1, when these states pass through atmospheric
turbulence, the beam’s amplitude profile and polarization structure
are severely distorted, but the mapping from the transverse plane to
the Poincaré sphere and, consequently, the topological wrapping
number N are maintained.

Optical skyrmions were generated experimentally with the setup
shown Fig. 2A. Here, a laser of wavelength 532 nm was shaped into
various vectorial beams in the form of Eq. 1 with [; =1, 2, and 3
and [, = 0 using a spatial light modulator (SLM) and a modified
Mach-Zehnder interferometer, to generate optical skyrmions with
N =1, 2, and 3, respectively. These beams were then transmitted
across a 270-m-long outdoor free-space link. At the receiver, a po-
larization sensitive camera and 50:50 beam splitter are used to mea-
sure the horizontal (H), vertical (V), diagonal (D), antidiagonal (A),
right-circular (R), and left-circular (L) polarization intensity projec-
tions in a single shot similar to methods implemented in (51, 61).
Example projections taken for a skyrmion with N = 1 before and
after propagation through the free-space link are shown in Fig. 2 (B
and C), respectively. The simultaneous measurement of these pro-
jections is essential to ensure that the full state of polarization (SoP)
of the beam is determined for a given atmospheric configuration
within the coherence time of the channel. Appropriate optics have
been used to ensure that the entire beam is collected, accounting for
divergence and beam wander (see the Supplementary Materials), to
ensure that the measurement itself is topology preserving. Figure 2
(D and E) shows the experimentally reconstructed SoP, Stokes vector
texture, and the mapping onto the spatial sphere for optical sky-
rmions with N =1 and N = 2 before propagating through the free-
space link. Here, we clearly see how each distinct topology wraps a
different number of times around the Poincaré sphere, and we can
qualitatively evaluate the topology. For N = 1, the polarization states
move from horizontal (blue) to vertical (green) only once and then
back to horizontal as one moves azimuthally around the optical axis.
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Fig. 2. Generation and detection through a free-space link. (A) Optical skyrmions were generated using complex amplitude holograms on a spatial light modulator
(SLM) to generate two scalar modes. These modes were vectorially combined with a Mach-Zehnder interferometer and transmitted through a 270-m free-space optical
link. At the receiver, Stokes polarimetry was performed on the aberrated beam using a 50:50 beam splitter, quarter-wave plate (QWP) and a polarization-sensitive camera
(Pol. Cam.). (B) Polarization intensity projections for all six polarization states captures simultaneously for a skyrmion with N = 1 before the beam had propagated through
the free-space link. (C) Polarization intensity projections for all six polarization states captures simultaneously for a skyrmion with N = 1 after the beam had propagated
through the free-space link. (D) SoP, Stokes vector texture, and mapping to the spatial sphere for a unaberrated skyrmion beam with N = 1 captured using the detection
scheme. (E) SoP, Stokes vector texture, and mapping to the spatial sphere for a unaberrated skyrmion beam with N = 2 captured using the detection scheme. PBS, polar-

izing beam splitter; HWP, half-wave plate; ap, aperture; BS, beam splitter.

This occurs twice in the SoP for N = 2. Quantitatively, the experi-
mentally computed sphere coverage of N, = 0.97 and N,,,, = 1.98
calculated using Eq. 2 is also extremely close to the encoded values
indicating the successful generation and detection of the desired to-

pologies before being exposed to turbulence.

Robustness through real-world free-space link

Figure 3A shows experimentally obtained intensities and SoPs for
the skyrmions with N =1 and N = 2 indoors (no turbulence) and
through the free-space link in the morning, midday, and late after-
noon. Morning weather conditions result in the least severe distor-
tions, as seen by the only slight changes in the intensity profiles as
compared to the indoor case, with the SoP roughly maintaining its
cylindrical symmetry through the channel. These slight variations
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can be attributed to the phase distortions induced by the channel.
Over and above this broken symmetry, we also see that most of the
polarization states have changed in propagation. This is a result of a
difference in the Gouy phase of the component scalar beams (62). In
addition to a radius of curvature term, each LG beam gains a phase
of V@, where y(z) = (2p+]1| +1)arctan(z/zy ) and where z is
the Rayleigh length of the beam. This phase depends on the mode
order and thus the I-index of the scalar mode. Since the component
modes of the vector beam must have differing I-indices to form the
skyrmion mapping, the scalar components of each beam will accu-
mulate phase at different rates, effectively having different propa-
gation constants through free space. As a result, the polarization
structure will change in propagation, even in the absence of a com-
plex channel such as atmospheric turbulence. This effect does not
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Fig. 3. Robustness through free-space link. (A) Total intensities and the measured SoP for skyrmion with N = 1 and N = 2 after propagating indoors and through the
free-space link in the morning, midday, and late afternoon. Experimentally measured Stokes vector textures (main) and corresponding OAM scalar component (inset) for
skyrmions transmitted in the (B) morning, (C) at midday, and (D) in the late afternoon. The measured skyrmion number for encoded numbers of N =1, 2, and 3 and the
measured scintillation index cf measured over 120 s in the (E) morning, (F) at midday, and (G) in the late afternoon.

affect the skyrmion mapping and only changed the polarization tex-
ture. The data taken in the late afternoon show much more severe
distortion in both amplitude and polarization. Here, we see that the
intensity has lost its cylindrical symmetry, with highly distorted
profiles. The SoP is also highly aberrated, with rapid variations in
polarization across the transverse plane as compared to the smooth
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transitions seen in the SoP of the indoor data. The midday data
show the most severe distortion, with separate lobes developing in
the intensity profiles of the beams and far more rapid variations in
the SoPs. The change in the severity of the distortion is easily ex-
plained by the changes in weather during the day. Morning tem-
peratures start off quite low, with cool air and surfaces resulting in
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small temperature gradients and minimal turbulence. Midday sees
the highest temperatures, heating up surrounding buildings, pave-
ments, and roads and creating large temperature gradients ideal for
creating very strong turbulence. By late afternoon, these surfaces
begin to cool, leading to a decrease in the turbulence strength.

With a qualitative understanding of the distortion experienced
at each of the three times of day, we may now quantify the topology
after the beams have passed through the link at these different times.
Figure 3B shows the computed Stokes vector texture for the morning
data shown in Fig. 3A. The insets show the intensity of the scalar
mode carrying OAM. We see that while the vector textures differ no-
ticeably from the textures plotted in Fig. 2 (C and D), the topological
features are maintained. The Stokes vector at the center still points
upward, and the vectors rotate downward as one moves radially out-
ward. For the N = 1 skyrmion, we see that the vectors rotate once
around as we move azimuthally, indicating one wrapping around the
Poincaré sphere and illustrated with the color map as moving from
blue to green and back to blue only once. For the N = 2 skyrmion, this
rotation occurs twice indicating two wrappings around the Poincaré
sphere. These features agree well with the computed wrapping num-
bers of Ny, = 0.81 + 0.01 and 2.063 + 0.003, respectively. Figure 3C
shows the computed Stokes vector texture for the midday data shown
in Fig. 3A. Because of the severe distortion experienced at this time of
day, the trends discussed previously are not as easy to visually discern
from the plotted textures. However, we still see the single wrapping
and double wrapping for N =1 and N = 2, respectively, as one moves
azimuthally. We also see good agreement between the encoded and
measured skyrmion numbers of N, = 0.95 + 0.07 and 2.19 =+ 0.09,
indicating robustness of the topology through even the most extreme
cases tested. Figure 3D shows the computed Stokes vector texture for
the afternoon data shown in Fig. 3A. Here, the distortion was milder
than at midday but stronger than in the morning, with noticeable
distortion in the vector textures. Despite this, we can still visually
discern the single azimuthal wrapping for skyrmion N =1 and dou-
ble wrapping for N = 2. The experimentally evaluated values of the
distorted beams of N, = 0.97 + 0.02 and N, = 1.83  0.04 again
very closely match the encoded values.

We have established that the skyrmion number remains un-
changed under specific instances of atmospheric turbulence, but it is
important to study the robustness of this topology as the medium
changes. We show the measured skyrmion number over ~120 s in
Fig. 3 (E to G) in the morning, at midday, and late afternoon respec-
tively. We also show the measured scintillation indices o7 for the
respective times of day, calculated using the variation of the on axis
intensity I(t) of left-circularly polarized component (I, = 0) of the
transmitted beam according to (22)

1%(0,0,
o’ = —< ¢ t)> -1

T 10,0,0)? ®

where (-) represents the average over time. Each data point shows
the average measured skyrmion number over five sequential 2-ms
measurements to allow for a measurement uncertainty to be deter-
mined. There were 6-s intervals between each data point and the
shaded region indicating the measurement uncertainty. Atmospher-
ic conditions in the morning showed an average scintillation index
of 67 ~ 0.007, comparable to strengths seen in other free-space link
experiments (63). This supports the qualitative evaluation made ear-
lier, with only mild aberration seen in the beams’ intensity profiles
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and SoPs. The skyrmion number for each of the tested topologies,
N =1, 2, and 3, remains fairly consistent over the measurement pe-
riod, with only small fluctuations in the N = 2 topology in the sec-
ond half of the measurement. The midday measurements show an
average scintillation index of 67 & 1.4. This can be considered a very
high value and corresponds well with the results in Fig. 3A. The
measured skyrmion number over the measurement period is not as
steady as seen in the morning data and fluctuates noticeably around
the encoded value. However, despite these fluctuations, the value of
each topology at almost every point in time is discernable from ev-
ery other point and close enough to the encoded value to determine
what the initially encoded topology was. It is worth noting that
when the wrapping number is reported, it is calculated using Eq. 2
which gives the coverage of the Poincaré sphere. This coverage cal-
culation can be prone to errors, especially in the presence of back-
ground noise, limited region of interest, and nonsymmetrical beam
profiles. All of these factors are present in our measurements, and
hence, we have taken appropriate numerical precautions to mitigate
their effects in a manner that does not alter the inherent topology
(see the Supplementary Materials) (64). Despite these challenges, we
are able to easily distinguish between various encoded topologies
even in the most extreme cases through the real-world free-space
link. The afternoon data show smaller variation over the measure-
ment period for all three encoded topologies as compared to the
midday data but more severe than the morning data, with an aver-
age distortion strength of 67 ~ 0.23. This again aligns with the qual-
itative observations discussed earlier, over this measurement period.
Here, we again see that the measured skyrmion number fluctuates
over the course of the measurement but still remains close to the
encoded value, allowing us to easily identify what the transmitted
topology was through the distorting channel. The robustness of the
topology is in stark contrast to how OAM itself performs, showing
decreased fidelity, high cross-talk, and significant modal scattering
(see the Supplementary Materials).

Resilience to depolarization and decoherence in turbulence

So far, we have discussed the robustness of optical skyrmions to at-
mospheric phase distortions and the scintillations that results from
these. The measurements were taken over short measurement times
and did not allow the channel to significantly evolve during the ac-
quisition time for each data point. In the context of classical optical
communications, this robustness is vital for reliable and effective
data transmission. However, skyrmions have also recently been real-
ized in the quantum domain, for both single photon states (65) and
in hybrid entangled biphoton states (57), promising increased secu-
rity and data protection for quantum communication. Measurement
of quantum states requires significantly longer measurement times,
with even the most state of the art techniques requiring measure-
ment times on the order of ~10° s (66). Typical atmospheric coher-
ence times are on the order of 10 to 100 ms (67). Therefore, quantum
states sent through turbulence will undergo multiple realizations of
the channel over the course of a single measurement, leading to ad-
ditional deleterious effects caused by depolarization and decoher-
ence. Several experiments have simulated the effects of these channels
on optical skyrmions, with promising results demonstrating possible
resilience (68). Here, we have a unique opportunity to study this phe-
nomenon in a real-world channel. Using classical light, we can easily
probe the effects of depolarization and decoherence, with the results
being directly transferable to quantum skyrmions due to the close
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mathematical analogy between hybrid entangled biphoton states
and classical vector beams (60, 69, 70). We show our results in Fig. 4.
The first row of Fig. 4A shows the normalized total intensity and
Stokes parameters for a skyrmion with N = 1 under indoor condi-
tions, with no turbulence. We see that the Stokes parameters are un-
aberrated, and the DoP is close to 1, meaning that the beam is almost
fully polarized and coherent. The second row of Fig. 4A shows the
Stokes parameters for the same beam but now after a 2-ms exposure
time through the turbulence channel. The Stokes parameters are dis-
torted, but the beams DoP is still relatively high, having decreased
primarily because of the presence of ambient, thermal light such as
sunlight. The third row of Fig. 4A shows the Stokes parameters for a
beam after averaging for 25 ms. Here, we can see that the magni-
tudes of the parameters have decreased as compared to the second
row. The DoP of this state is 0.59, indicating that a portion of the
field measured is now partially incoherent/depolarized. However,
the computed skyrmion number still remains close to the encoded
value of N = 1. The fourth row of Fig. 4A shows the Stokes parame-
ters for the same beam after averaging for even longer, 120 ms. Here,
we see that the amplitudes of the Stokes parameters have decreased
even further, indicating even more severe depolarization. This is
further supported by the calculated DoP for this state, which is 0.39.
The measured wrapping number for this beam is N = 0.98, still close
to the encoded value. Figure 4B shows the measured skyrmion
number for N =1, 2, and 3 as the measurement was averaged over
longer and longer time periods. Figure 4C plots the DoP over aver-
aging time, indicating the severity of the effect of the depolarization
during the course of the measurement. We see that the skyrmion
number remains almost perfectly unchanged for all three encoded
values from the initial exposure time of 2 ms up to a total time of

A Norm int. S, S, S,

Indoors
DoP =0.95

2ms
=0.84

t=
DoP

25 ms
0.59

DoP

t=

t=120ms
DoP =0.39

0 Normint. 1 -1 Stokes parameter 1

240 ms (2-ms exposure per image averaged over 120 images). This is
despite the fact that the DoP drops from ~0.84 to x0.39, a signifi-
cant decrease over the course of the measurement. This shows that
optical skyrmions are immune to the effects of decoherence and de-
polarization caused by real-world atmospheric turbulence.

Robust information transfer in atmospheric turbulence

We have now seen that optical skyrmions are resilient to a wide va-
riety of turbulence channels. One promising applications for this is
robust information encoding through free space. Atmospheric tur-
bulence typically distorts more common forms of structured lights,
leading to severe cross-talk if no compensation techniques are used
to mitigate its effects. In contrast, the wrapping number of the gen-
erated optical skyrmions typically remains unchanged through these
channels, meaning that it can safely encode data through the link.
We demonstrate this experimentally by way of visual example shown
in Fig. 5. Here, we encode a three-color, 512 by 560 image of South
Africa using topology, where each N corresponds to a particular color,
with N =1, 2, and 3 corresponding to blue, orange, and green re-
spectively. We then transmit the image one pixel at a time over a
time interval of 2 ms with the appropriate topological state being
transmitted through the channel and measured at the receiver. The
received image is constructed by measuring the skyrmion number
of the received state. If fractional values are measured, then they are
rounded off to the nearest integer. Figure 5A shows the results taken
in the morning, with the line graph showing examples of the indi-
vidual measured skyrmion numbers during measurement period and
the shaded region indicating the mean + one SD. As before, the varia-
tion in the measured number during the morning is minor, with only
a few data points for N = 2 deviating noticeably. The reconstructed

0'2 1 1 1 1
0 24 48 72 96

Time (ms)

120

Fig. 4. Resilience to depolarization and decoherence. (A) The measured intensity and locally normalized Stokes parameters of a skyrmion beam with N = 1 measured
indoors (top row), after averaging for 2 ms (second row), after averaging for 25 ms (third row), and after averaging for 120 ms (fourth row). (B) Line plot showing the mea-
sured skyrmion number for encoded numbers of N = 1, 2, and 3 against the time over which the measurement was averaged. (C) Line plot showing the measured DoP

against the time over which the measurement was averaged.
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Fig. 5. Robust information encoding. The measured skyrmion numbers over the measurement period and the reconstructed image of the transmitted image performed
(A) in the morning under mild distortion, (B) at midday during the most severe distortion conditions, (C) in the late afternoon under moderate distortion, and (D) under

the effects of increasing depolarization.

image maintains its structure, with each province in the map main-
taining a uniform, unaltered color indicating that the information
was transmitted with an almost perfect fidelity of 98.70%. Figure 5B
shows results taken at midday, exhibiting significant deviations
from the encoded value due to the significant turbulence strength
experienced during this time of day. We see this quantitatively with
the reconstructed image having a fidelity of 86.93%. We do see some
noticeable discoloration in the reconstructed image as a result of
this, especially for the higher-order topologies of N = 2 and 3. How-
ever, the various regions in the reconstructed image are still discern-
able from each other, and the initial encoded color is still easily
identifiable. Figure 5C shows the results taken in the afternoon. We
see that the variation is higher than in the morning but less than at
midday. There are some slight errors for the N = 2 topology, evident
by the presence of some green pixels in regions which are orange in
the encoded image, but overall, the image integrity was well main-
tained through the channel, seen with a fidelity of 98.60%. Figure 5D
shows the same data but under the condition where the measure-
ment is averaged over 240 ms in turbulence to allow for there to be
significant depolarization in the same regime as Fig. 4. In this case,
the fidelity is extremely high at 99.72%. We see almost no varia-
tion in the measured N due to fact that averaging the measurement
also averages over the effects of the ambient light and shot noise
of the camera, reducing its deleterious effects on the wrapping num-
ber calculation. Overall, we see that topology makes a useful alpha-
bet for transmitting information through the free-space link, only
showing a noticeable drop in performance in the most extreme
cases, where the distortion is severe. However, even in this regime,
without any measurement or probing of the channel or pre- or
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postcompensation, the image is able to be transmitted with a rea-
sonably high fidelity.

It is worth noting that skyrmion states of different N are not, in
general, spatially orthogonal to one another, so our scheme does not
constitute mode-division multiplexing in the conventional sense. In-
stead, we use an index modulation approach: At each symbol interval,
one skyrmion state is transmitted, and the receiver identifies which
state was sent, much like selecting one symbol from an alphabet. The
relevant requirement is therefore that the states be sufficiently distin-
guishable from one another at the receiver, not that they be mutually
orthogonal. This is a well-established principle in wireless communica-
tions, for example, modern Multiple-Input-Multiple-Output (MIMO)
systems (such as those in everyday Wi-Fi routers with multiple anten-
nas) routinely operate with nonorthogonal spatial channels and rely on
signal processing at the receiver to separate them. In principle, multi-
ple skyrmion states could also be copropagated simultaneously to form
a full multiplexing scheme, although this would require appropriate
detection strategies to manage interchannel cross-talk, for instance,
successive interference cancellation (SIC) (71), where the receiver de-
codes the strongest channel first, subtracts its contribution, and iterates
to recover the remaining channels. Regarding turbulence robustness,
since our results show that individual skyrmion states preserve their
topological structure through turbulence, the distinguishability need-
ed for index modulation is maintained. We therefore expect thata SIC-
based multiplexing scheme would inherit much of this robustness,
although quantifying the cross-talk penalty under realistic turbulence
strengths remains an open question for future investigation. Note also
that the skyrmion numbers could be made orthogonal by careful
choice of constituent modes, so MDM could be done with them too.
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DISCUSSION

Experiments so far have primarily focused on the generation of
optical skyrmions and other forms of topological light, with only a
few recent works investigating their robustness through complex
channels. These investigations, while valuable, were performed in
controlled laboratory settings. In this work, we have presented ex-
perimental evidence of the robustness of optical skyrmions through
a real-world turbulent channel. We have shown that the topology is
preserved under the phase, amplitude, and polarization distortions
imparted onto any light field that passes through such a channel.
This was demonstrated over a wide variety of conditions, ranging
from morning to midday and late afternoon, where the strength of
the experienced turbulence varied from 67 ~ 0.007 to 67 ~ 1.4. We
also demonstrated the invariance of the skyrmionic topology to the
decoherence and depolarization effects that are typically observed
when averaging over the time varying effects of the turbulence chan-
nel. Here, the skyrmion number remains unchanged even when the
DoP dropped to as low as 0.39. In both cases, the robustness was
achieved by harnessing properties of the light itself to generate struc-
tures that are invariant to actions of the channel. This is in contrast to
many other proposed solutions to the issue of atmospheric turbu-
lence, which either require a form of pre- or postcompensation such
as adaptive optics or require a probe or measurement of the channel,
such as finding its invariant spatial mode. Here, the invariant passes
through the channel as if it was transparent, and no knowledge of the
channel is required.

The use of topology also has benefits and trade-offs over similar
approaches to finding and leveraging invariants, such as using the
nonseparability of vectorial beams (50). While the nonseparability
of vectorial light can be measured using integrated intensity mea-
surements, making it easier and faster to detect with current tech-
nologies, it is susceptible to noise at lower values and requires the
channel to be unitary. This is the case for the phase and amplitude
distortions but does not occur when one experiences decoherence/
depolarization (72). Skyrmionic topologies, on the other hand, do
not require the channel to be unitary, only that it be map preserving
which is typically an easier condition to satisfy (68).

Structured light in real-world atmospheric turbulence has seen
only a handful of tests. This is primarily due to the difficultly in setting
up free-space links capable of producing and detecting structured
modes. These channels lack tunability and control while adding many
confounding factors such as ambient noise, natural misalignment,
and rapidly changing distortions to name a few. While these many
considerations make these investigations challenging to undertake,
they are also precisely why these investigations are valuable. We have
shown in this work that the use of topology as an information carrier
not only overcomes the fundamental physical limitations hampering
both classical and quantum FSOC (i.e., mode coupling and decoher-
ence) but also mitigates some of the more practical restrictions placed
on these systems by misalignment, background noise, and the need
for adaptive optics.

It is worth noting that in this investigation, we made use of a po-
larization camera and Stokes polarimetry to measure the skyrmion
number. In the absence of a dedicated topological detector, such
means are now the best available tools for this purpose. However, this
method has two primary shortcomings for real-world implementa-
tion. First, it is prone to errors and fluctuations when computing the
wrapping number, especially in the presence of high ambient noise
such as sunlight and differing path lengths for different polarization
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projections in experiment (64). While these factors can be mitigated
to a certain degree, sometimes through more sophisticated mea-
surement schemes (73), they can never be fully removed resulting in
noticeable fluctuations in the measured data. Second, high-speed
modulation and detection with the scheme used in this work are
challenging, due to the relatively low refresh rate of the SLM (120 Hz)
and camera acquisition time (2 ms). For high-speed generation
and modulation, the transmission architecture could mirror that of
OAM-based systems: A conventional high-speed modulator (e.g., a
Mach-Zehnder modulator operating at gigahertz rates) drives the
data stream, followed by a static beam-shaping element that imposes
the desired skyrmion structure. Devices such as J-plates (74), meta-
surfaces (75, 76), or g-plates (77) could replace the SLM and would
not limit the modulation bandwidth. The more significant bottle-
neck lies at the receiver. Unlike OAM, for which mode sorters based
on log-polar transformations exist (78), there is now no analo-
gous sorter for skyrmion states. Detection therefore requires either
full Stokes polarimetry with spatial resolution or with single shot-
projective metasurfaces (79) followed by computational classification
or the development of dedicated optical elements that can efficiently
separate skyrmion states—a skyrmion mode sorter that is yet to be
fully realized (80). These devices would be key enablers for bringing
skyrmion-based communication to data rates competitive with exist-
ing structured-light schemes. Our work demonstrates the potential
for using skyrmions and other exotic forms of topological light as in-
formation encoders, inspiring future research into methods for faster
and more effective detectors, paving the way for high-speed commu-
nication through complex media using robust topologies.

In this work, we generated optical skyrmions using specific combi-
nations of LG beams with the same embedded Gaussian beam waist
w,. This means that higher-order topologies experienced stronger tur-
bulence strengths, due to the inherent scaling of LG transverse beam
size with OAM (81). Hence, a fair comparison of robustness of
topologies with different N cannot be made with these results and
is an open questions that merits further investigations. In addition,
skyrmions in this work were made by setting [, = 0 and modulating
I, to change N, Different combinations of /; and [, can result in the
generation of beams with different underlying spatial modes but the
same N. Optimizing the underlying geometry of topological light to
increase its robustness has already shown promise for optical knots
(49). It may therefore be of interest for future studies to investigate
whether other vectorial combinations of LG beams, forming sky-
rmions with the same N tested here, could offer even greater resil-
ience to the aberrations induced by complex channels.

The generation of skyrmions from LG beams with same embed-
ded Gaussian waist w, implies that each beam has the same Rayleigh
range and comparable propagation dynamics. Consequently, higher-
order skyrmions must have a larger spatial extent due the {-dependent
scaling of the underlying LG modes (81). To normalize the beam
sizes would mean that higher-order skyrmions diverge faster in prop-
agation, making their dynamics significantly more challenging to
unify through a single link, especially over a distance as large as the
one used in this experiment. This also means that beams will have the
same size at the transmitter but would still be different as they propa-
gate through the link as it is a thick, extended medium. The modeling
of structured beams in such scenarios has seen little attention in the
literature and is a far more complex problem than simply ensuring
the beam sizes are the same at a particular plane. However, one can
engineer the beam sizes to be similar. For instance, rather than{, =0
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and {, = 5 as the two component scalar modes, one could select
{, = —2and {, = 3, which have similar sizes. It is also worth recall-
ing that opposite signs of N, even at fixed | N |, necessarily correspond
to distinct field structures. This provides a simple counterexample to
the idea that identical spatial footprints would imply identical topol-
ogy: Two configurations may share the same overall spatial extent
while remaining topologically inequivalent. Even more efficient in
this regard is to create very high skyrmion modes using perfect vor-
tex structures with nearly identical spatial overlap, as has been shown
recently (82), whose transverse intensity distribution is independent
of the topological charge. The underlying idea is relevant here as it
refers to a family of fields in which the spatial footprint remains
invariant while the topological invariant changes. This tells that
working with different N does not necessarily come with footprint
drawbacks. However, our main point is that topology is a global
property that is unrelated to its underlying structure. That is to say,
from a topological perspective, all beams of a given N belong to an
equivalence class defined by their skyrmion number, and because the
channel is map preserving, it simply transforms the beam from one
element of that class to another.

Robustness to phase and amplitude distortions resulting from
turbulence, as well as the resilience to decoherence, is of immense
interest to the field of free-space optical communication, where the
search for a reliable, resilient, and high-dimensional encoding al-
phabet has the potential to markedly increase bandwidths and data
transfer speeds. We have demonstrated in this work not only the
robustness of these topological states to this highly complex medi-
um but also their ability to faithfully transmit data through such
channels with ease. We envision that our results will pave the way
towards seeing and transporting information through distortion by
harnessing light’s innate, invariant properties for fast, reliable, and
efficient communication.

METHODS

A diagram of the experimental setup used in this work can be seen
in Fig. 2A. Here, a green laser beam (A = 532 nm) was expanded
using a 10X objective lens L, and collimated with a second lens L,
of focal length f, = 500 mm. This beam was then incident on a
PLUTO-VIS HoloEye SLM. The SLM screen was split in half, with
each half generating one component scalar mode of the final vecto-
rial beam using a complex amplitude modulation scheme (83)

H(x,y) =J;'[A(xy)Isin[dp(x,y) +27(Gx+Gyy)|  (4)
where A(x,y) and ¢(x, y) are the amplitude and phase of the de-
sired field, respectively, /! is the inverse Bessel function of the first
kind, and G, are the grating frequencies in the horizontal and ver-
tical directions. Both beams are created with an embedded Gaussian
beam waist of w,, = 0.665 mm and are sent through a 4f imaging sys-
tem consisting of lenses L, and L, (focal lengths f; = f, = 300 mm)
with an iris in between acting as a spatial filter to isolate the first
diffraction order of the hologram where our encoded scalar fields
are located. These beams are propagating, but not coaxial, and are
thus sent through a modified Mach-Zehnder interferometer, with a
half-wave plate in one arm, to form the desired vectorial beam with
the aid of a polarizing beam splitter. Before it is transported through
the free-space link, the vectorial beam is sent through a quarter-
wave plate (QWP) to convert the scalar component modes to the
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right- and left-circular polarization basis. It is then sent through two
further telescope systems, each providing a further X3 magnifica-
tion such that the beam transmitted through the free-space link has
an embedded Gaussian beam waist of w, = 6 mm. The telescope
systems are constructed such that the beam focuses on a flat mirror
fixed on the top of the opposite building, located ~135 m from the
last telescope system, for a round trip distance 270 m. Upon return-
ing to the receiver, which is offset from the transmitter by roughly
60 cm to create a triangular beam path, the beam is demagnified by
a telescope system with a X0.125 magnification and then incident on
a 50:50 beam splitter. One port of the beam splitter leads directly to
one half of the sensor of a polarization sensitive camera (Allied vi-
sion Mako G-508B POL) to measure the four linear polarization
states: horizontal, vertical, diagonal, and antidiagonal. The other
port of the beam splitter passes through a QWP before being inci-
dent on the other half of the camera sensor to measure the right-
and left-circular polarization states.
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