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Abstract: Off-axis Bessel-Gauss (BG) beams are used as a generation basis within an optical
system that rapidly probes an underwater turbulent environment. Due to the rapidity of the scan,
implemented using a modified Higher Order Bessel Beams Integrated with Time (HOBBIT)
system, instantaneous realizations of the turbulence can be probed allowing optimal transmission
paths in which the beams propagate, with minimal perturbations, through the complex turbulent
environment. The results show a marked reduction in the effects of the turbulence, including
over a 91% decrease in scintillation index, experienced by the beams propagated through these
paths when compared to a centered on-axis BG beam. Results also confirm the ability to transmit
higher-order BG beams. Lastly, the spatial and temporal characteristics of these robust channels
are presented, demonstrating the propensity to transmit multiple beams through unperturbed
transmission paths simultaneously.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Surfacing over 70% of the globe, the world’s underwater environments present a relatively
unexplored frontier, teeming with potential applications in sensing for understanding the ocean
and its complex ecosystem. Recently, there has been an influx of attention devoted to these
environments and the technologies used to explore them. In particular, the development of
underwater optical systems has shown great promise due to the inherent advantages they offer
over more traditional techniques, such as RF or acoustic-based systems [1]. However, when
considering optical systems in underwater conditions, turbulence presents a complex obstacle
that must be addressed. Underwater optical turbulence, defined as fluctuations in the refractive
index of water, is primarily driven by environmental factors such as temperature and salinity.
These fluctuations can cause distortion, breakup, and deflection, resulting in significant variations
in the intensity of propagated beams and overall system degradation [2—4]. These adverse effects
have been reported in numerous publications, including the experimentally measured power-loss
due to underwater turbulence [5], the effects of weak turbulence conditions on the scintillation
index [6], and the analysis of system performance parameters in simulated underwater turbulence
[7,8].

Several techniques have been proposed to mitigate the impact of underwater turbulence,
including adaptive optics, spatial diversity, and aperture averaging [9-14]. Additionally, an
approach that has gained recent attention is the customization of structured light to boost the
performance of optical systems in turbulent environments. Structured light, used extensively
in the optical system community, refers to the tailoring of light modes using various degrees
of spatial freedom, such as polarization, amplitude, and phase [15]. Two common classes of
structured modes include those with Orbital Angular Momentum (OAM), where the phase is
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azimuthally wrapped around the propagation path [16—18], and non-diffracting beams, whose
intensity profiles propagate without diffraction over significant distances [19]. A common class of
these non-diffracting beams is the Bessel-Gauss (BG) beam set, which is the Gaussian apodization
of the well-known Bessel beam [20,21]. BG beams have shown tremendous potential in turbulent
environments, with studies demonstrating increased resilience and improved data transmission
through turbulent paths when compared to Gaussian beams [22,23]. With these encouraging
results, it is important to note that these beams are not totally impervious to the effects of
turbulence and are still vulnerable to distortion and deflection in underwater turbulence. Thus,
merely propagating a beam without considering the environment through which it propagates
will consistently limit that beam’s performance. To address this issue, recent studies describe
the tailoring of light modes to ensure unperturbed transmission in a given basis through a
turbulent path [24-26]. These studies demonstrate the ability to generate eigenmodes of a certain
turbulent path such that the beams are preserved following propagation through the specific
path, representing a crucial advancement in the optimization of optical systems in non-ideal
environments. With the mentioned works utilizing phase screens to simulate a turbulent volume,
the question then arises on how to achieve similar unperturbed transmission in a dynamic,
real-world turbulent environment.

In this work, we leverage inherent advantages of BG beams within an optical setup capable
of rapidly probing a volume, demonstrating the ability to identify and exploit unperturbed
transmission paths in dynamic underwater turbulence. The rapidity of the scanning system,
based on the modified Higher Order Bessel Beams Integrated in Time (HOBBIT) architecture
[27], allows instantaneous realizations of the dynamic turbulent environment to be probed. This
generation basis shifts, rather than tilts, a BG beam off-axis within a volume of the turbulent
environment, identifying transmission channels through the medium where the beam transmits
unperturbed. Figure 1(a),(b) depicts a single instance of an (b) off-axis BG beam within the
turbulent volume, resulting in relatively unperturbed transmission when compared to the (a)

On-axis BG beam

et
Underw ater turbule
en\'ironmenl

(@)

Qif-axis BG DA ‘ / v L ’3;
. § r A /

Fig. 1. (a) Propagation of an on-axis BG beam through an instance of turbulence.
(b) Propagation of an off-axis BG beam through the same instance of turbulence. (c)
Cross-section of the underwater turbulence depicting the complex spatial characteristics of a
turbulent environment.




Research Article Vol. 33, No. 8/21 Apr 2025/ Optics Express 17871

Optics EXPRESS 2 N \

on-axis beam. The results herein show a marked reduction in beam wander and scintillation
within the optimal paths when compared to a stationary BG beam, as well as the ability to transmit
higher-order modes through the paths. Further, Fig. 1(c) shows a cross-section of the turbulent
environment, providing a visualization of the complex spatial characteristics of the turbulence
and indicating the possibility for multi-channel exploitation. Pertinent spatial and temporal
characteristics of the unperturbed paths are analyzed and the ability to support simultaneous
channels within the turbulence is demonstrated.

2. Off-axis Bessel-Gauss beams

As depicted in Fig. 1(c), an underwater turbulent environment creates an intricate spatial
environment with a myriad of channels or paths in which a mode might propagate through
with minimal perturbations. It is obvious from Fig. 1(c) that these unperturbed paths will not
always align with some designated axis of propagation of an optical system, and the ability
to shift a beam off-axis without altering the angle of propagation would be advantageous in
fully identifying and exploiting these channels. This is demonstrated here through the use of
an off-axis BG beam, which represents the shifting of the BG intensity distribution within the
Gaussian envelope used to truncate the Bessel function [28]. This can be described as

—r? m,
EpG(r,¢) = exp (w_z) Im(k:R") exp (—jm®’)2 § (1
G

where r and ¢ are the polar coordinates of the position vector on the transverse plane, wg
represents the waist of the Gaussian envelope of the beam, J,, denotes the Bessel function of
the first kind of order m, and k, is the radial wave vector. The y notation indicates the vertical
polarization of the field and is consistent with experimentally generated fields described later. R’
and @’ represent the shifted radial and angular coordinates, respectively, defined as

R = \/(r cos ¢ + a)? + (rsin g + )2 2)
o = tan” |20+ 3)
rcosg + a

where « and S8 correspond to the shift of the beam’s center in the x and y directions, respectively.
The following section details the experimental setup that uses an input Gaussian beam to create
a circular array of Gaussian beamlets, generating a non-diffracting, off-axis BG beam after a
Fourier transform via a lens which then propagates through a volume of turbulence.

2.1. Beamlet generation of non-diffracting Bessel-Gauss beams

A modified HOBBIT system, shown in Fig. 2, is used to generate a circular array of beamlets
[29]. This system relies on two crucial components, an acousto-optic deflector (AOD), which
generates a linear array of beamlets by deflecting the input beam, and a pair of log-polar optics,
which perform a geometric transformation from Cartesian coordinates in the plane of the first
log-polar optic to polar coordinates at the plane of the second log-polar optic, allowing the
inputted linear array of beamlets to be mapped to a ring. The acoustic frequency of the signal
supplied to the AOD is related to the first-order Bragg diffraction angle by 6 = ‘4, -f, where 6 is the
diffraction angle and A is the optical wavelength. V and f are the acoustic velocity and frequency,
respectively. This relationship between acoustic frequency and diffraction angle is leveraged to
generate a simultaneous linear array of beamlets with varying tilts by supplying the AOD with a
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signal, S(), that consists of many superimposed unique-frequency sinusoids, given by

N-1

S(t) = D And) sin[2ft + ¢u(0)] @
n=0

where N = 128 is the number of beamlet locations. The parameters A, f,;, and ¢, are the
amplitude, frequency shift, and phase term of the n'M beamlet, respectively. The group of beamlets
is Fourier transformed into a linear array by a single lens, after which each beamlet is mapped to
a specific location around a perfect vortex (PV) envelope using a pair of log-polar diffractive
optics. The field immediately after exiting the modified HOBBIT system can be represented as
the superposition of these shifted Gaussian beamlets in the following form [29]:

P N - o
Enear(pv 97 t) = &Xp (_Z eXP(—JZcht) Z DnEn,near(pa 9) CXP(—Jzﬂfnf)y (5)
0 n=0

where p and 6 are the polar coordinates of the position vector on the cross section of the beam.
D, = A, exp(g,) is the complex amplitude of the n'" beamlet, f, is the frequency of the input
light and 79 represents the pulse width, indicating the use of a pulsed source for this system. The
function E,, ..., represents the field of the n™ Gaussian beamlet on the ring, defined as

(0—po)’ (06,
- p%wg - ©6)

En,near(p’ 0) = €Xp

where pg represents the ring radius, 8, specifies the angular position on the ring, w refers to the

eiz angular width, and pow denotes the eiz waist size of each Gaussian beamlet.

Fig. 2. Hardware of the modified HOBBIT system with overlays of the transverse beam
profile along the propagation path.

To generate an off-axis BG beam from the circular array of beamlets, the complex amplitude
distribution around the circular array of beamlets is first chosen as

n n

Dy = explt(cos (225 +) +sin 225 +7) 7

exp |iC (cos 7TN v | + sin 7TN 0% @)

The output field of the modified HOBBIT is then Fourier transformed at which point the

chosen D,, in Eq. (7) corresponds to a shifting of the BG intensity distribution in the far field
with € proportional to the radial shift from center and y € [0, 27] being the angle of the shift
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with respect to the positive x-axis [30]. The far-field expression is described as a sum of larger
titled Gaussian beamlets, derived as follows

2 N-1
Efar(ra $,1,2) = exp [_:3 - jQ2nfet) Z Dn(t)En,far(r’ P)exp(=j2nfut)y ®
0 n=0

where r and ¢ are the polar coordinates of the position vector on the transverse plane in the
far-field. The function E, s, represents the far-field of the n™ Gaussian beamlet, which is the
Fourier transform of Ej, 04y, derived as

2
r . Ok
Eugal 0.0 = exp [-—2 i costo - 0
w

G

€))

where F is the focal length of the Fourier lens within the modified HOBBIT system, the parameter
k = 2m/ A is the wave vector of the beam, and the quantity w¢ represents the waist of the Gaussian
envelope of the beam in the far-field, and is given by

wi = 2L (10)
T POW

Neglecting the frequency diversity for short pulses, 7o < (27f,)~!, we can approximate f, = fp,
with f being a constant value obtained by averaging the frequencies of the beamlets. By applying
the Jacobi-Anger expansion, given by

[e9)

k k\ _,
exp [—jrp%cos(qﬁ - 0,1)} = Z 7" (rp%) e ImP=6n) (11)

m=—0o

with J,, denoting the Bessel function of the first kind of order m, Eq. (8) can be rewritten as a
discrete sum over Bessel functions of various orders as

2 2 °°
Ep(r, ¢, 1) = exp l— (v:_z + t—z)l exp[—j2n(f. + fo)t] Z Dy In(ker)e ™5 (12)

¢ T

m=—co
where k, = (pok)/F is the radial wave vector, and the set of coefficients D,, corresponds to the
discrete Fourier transform of the series D,,, defined as

N-1
Dy =) Dy(n)e" O+ %) (13)
n=0

Well-localized by the Gaussian term and of a dominant angular mode, m, Eq. (12) is simplified
into a single term representing an off-axis BG beam, and can be written as [28]

2 2
Epur(r. ¢.1) = exp I— (w—z + %) exp[~/27(f, +fo)t] Ju(k:R') exp (jm®')"%5  (14)

¢ T

Equation (14) shows that the far-field beam can be described as an off-axis BG beam with
radial wave vector k,. Since the primary factor influencing BG beam diffraction is the radial
wave vector, and all combined beamlets share this value, the entire set of BG beams will exhibit
uniform diffraction behavior as it propagates. Given this representation, the generated beams
have a propagation distance over which they are considered non-diffracting. This is the region
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where the beam maintains its shape before significant divergence occurs. It is governed by the
Gaussian envelope that truncates the Bessel beam and can be represented by

Az =26 (15)

Qc

where @, = sin~!((1k,)/2n) is the cone angle associated with the radial wave vector of the
Bessel beam [31]. The experimental verification of this non-diffracting region for the generated
beams is presented in our previous publication [29].

2.2. Experimental generation

Figure 3 illustrates the experimental setup for this work. A 517 nm pulsed laser with a pulse width
of 19 =239 fs seeds the modified HOBBIT system [32]. The generation system is configured
to produce N = 128 locations, where Gaussian beamlets of width, pow ~ 150 um, are evenly
distributed around a PV envelope of radius pg = 1.365 mm. A lens with focal length F, = 200
mm Fourier transforms the circular array of beamlets, resulting in a non-diffracting BG mode as
described previously. A 20x telescope resizes the beam which then propagates through the 3 m
long UTE before being captured by a high-speed CCD. In the UTE, the central lobe of the BG
beam is approximately 0.9 mm and the non-diffracting region of the beam is calculated to be
Az = 16 m, as per Eq. (15). Due to the log-polar wrapping, the ring width, pow, varies slightly
between the x and y dimensions. As a result, Az was calculated separately in both the x and y
directions, and the reported Az represents an average that bounds the maximum distance for the
non-diffracting behavior. It is noted that the entire propagation path between the telescope and
the CCD is 7 m, well within this non-diffracting region.

20x Telescope

Modified HOBBIT
System Pulsed Source

Underwater Turbulence
Emulator (UTE)

Fig. 3. The modified HOBBIT system generates beams that are propagated through a
turbulent underwater environment within the non-diffracting region before being captured
with a CCD.

To experimentally generate the off-axis BG beams, the signal supplied to the AOD, S(¢), is
altered such that the complex amplitude is as described in Eq. (7). This shifts the intensity
distribution of the BG beams in the far field. Since the Fourier transform is performed by a single
lens in the optical system, the x and y components of the physical distance of the shift (@ and g)
can be related to the signal parameters T and y by

F>C

F
2t cos(y) and = %opo
,

krpo

sin(y) (16)

Figures 4(a) and 4(b) are simulated images showing an on-axis and off-axis beam respectively,
while Fig. 4(c) and 4(d) are experimental images generated using the optical system that depict an
on-axis and off-axis BG beam respectively. For the off-axis BG beams (Fig. 4(b),(d)), a = 0.0043
mm and B = —0.0038 mm. The experimental shift of the BG beam was measured to be within
1% of the theoretical values determined using Eq. (16).
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Fig. 4. (a) Simulated and (c) experimentally generated on-axis BG beam. (b) Simulated
and (d) experimentally generated off-axis BG beam.

3. Rapid probing in underwater turbulence

This section first describes the parameterization of underwater turbulence in optics, followed
by the implementation of the experimental scanning method with off-axis BG beams used to
explore its impact on the beams’ propagation.

3.1.  Turbulent underwater environment and its effects on optical propagation

Underwater optical turbulence is induced by fluctuations of the refractive index in the underwater
environment due to temperature variations. To quantify these fluctuations and subsequently
characterize the turbulent environment, the index of refraction structure constant, Cﬁ, is commonly
used. This parameter is an indicator of the strength of the turbulence and is crucial for
understanding how it affects the propagation of light through the medium [33,34]. In this work,
an underwater turbulence emulator (UTE) is used to create a stable and repeatable turbulent
underwater environment. Depicted in Fig. 3, the UTE is a 3 m long, 100 mm diameter PVC tube
that is fitted with optical windows on either end. It also features temperature components running
along the length of the tube, creating a temperature gradient transverse to the direction of the
beam propagation. The characterization process of the UTE is described in [35], and details the
use of beam wander and temperature fluctuation measurements taken within the environment to
calculate a refractive index structure constant of C2 ~ 10710 m=2/3,

When a beam propagates through a turbulent environment, the intensity of the beam fluctuates
due to the refractive index variations in the environment. The variance of these intensity
fluctuations is called the scintillation index, defined as [36]

B =) B an
! () ()
where I, (I), (I?) are the instantaneous intensity, average intensity, and the intensity variance
over a designated region of the beam, respectively. The scintillation index is commonly used to
designate the performance of a beam through a turbulent environment, with lower scintillation
values indicating less perturbed transmission [22,37,38].

Another important parameter for characterizing the effects of turbulence on a beam is the beam
wander [22,37,39]. A beam propagating through turbulent conditions will be deflected off of its
axis, with the beam wander defining the variance of the displacement of a beam’s maximum
point of irradiance. This can be described as [36]

1
2.2 \%
(r2y = 2.42Cﬁz3w(_)% 1- (ko—wzoz) (18)
1+ kgwg
where z is the propagation distance, wy is the beam width, respectively, and ky = 27/Lg, where
Ly is the outer scale of the turbulence. For the described work, the maximum beam wander
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displacement at three standard deviations (99.7%) is approximately 1.4 mm, providing an upper
bound on the expected displacement of the beams propagated through the UTE.

3.2. Experimental implementation of a high-speed optical probe

With the ability to arbitrarily shift the center of the BG beam within the Gaussian envelope, a
scanning sequence is designed to sample a designated probing space. In total, the scanning
sequence consists of 95 steps, shifting the BG beam to 95 locations uniformly distributed over
a circular area of 64 mm? using a concentric disk sampling method [40]. Both the azimuthal
and radial spacing of the scan locations were set to 0.9 mm. Figure 5(a) depicts a map of the
scanning locations, while Fig. 5(b) and Fig. 5(c) show experimental images of the beam at the
first sequence step in ambient and turbulent conditions respectively. Visualization 1 illustrates
the beam scanning through an entire sequence in both ambient and turbulent conditions. It
is important to note the fundamental difference with this probing method as compared to our
previous work using beamlets on a perfect vortex ring, which corrected the tilt of an input beam
to ensure optimal propagation through a turbulent volume [35,41]. The current method shifts
the beam without introducing a tilt, ensuring that the propagation path of the beam remains
transverse to the turbulent volume for all probing locations. In this work, the pulsed laser
source is set to a repetition rate of 10 kHz, meaning a complete scan, consisting of 95 pulses,
takes 9.5 ms to complete. It is noted that the turbulent environment changes on the order of
hundreds of milliseconds and can be considered static for the duration of a scan, as is observed
in Visualization 1. The duration of the scanning sequence is constrained by the speed of the
CCD used for imaging the beams and is not crucial to the functionality of the probing method.
Fundamentally, the scanning speed of this system is limited by the time it takes for the acoustic
signal to propagate across the input beam within the AOD, defined by 2wy/V where V is the
acoustic velocity of the TeO2 crystal in the AOD [35]. Under the current system parameters, this
would allow the same scanning sequence described above to be completed in 125 ps.
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Fig. 5. (a) A map of the 95 locations of the BG beam in the scanning sequence. Experimental
image of the beam at the first sequence step in (b) ambient and (c) turbulent conditions. (See
Visualization 1.)

4. Experimental results and analysis

In this work, a high-speed CCD was used to capture the beam profiles of the generated BG
modes after propagation through the underwater turbulent environment. For a single scan as
described in section 3.2, one beam profile is captured per scan position, resulting in 95 images
collected per scan. Initially, data from 25 complete scans were taken in quiescent conditions
(no turbulence induced in the UTE). The data was averaged over the 25 scans to account for
experimental inconsistencies in the system, with the resulting dataset being used as a reference
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and including one image per scan location. It is noted that in quiescent conditions, due to their
non-diffracting nature, the beams are invariant over the entirety of the propagation path. Next,
with turbulent conditions as described in section 3.1 present in the UTE, 200 consecutive scans
were conducted at 25 ms intervals over 5 seconds, creating a dataset of 19,000 beam profiles.

4.1. Optimal transmission paths in underwater turbulence

To quantify the effects of the turbulent conditions on the transmitted modes, the spatial correlation
of the intensity distributions between the unperturbed and perturbed beams was considered. This
analysis accounts for any distortion and displacement that a beam may experience while propa-
gating through the turbulence [42]. Given a scan through the turbulent underwater environment,
the perturbed beam at each scan position was compared to a beam in the corresponding position
under quiescent conditions. The unshifted spatial correlation between the beam profiles was
calculated over a 3 mm circular region of interest (ROI) of the images centered on the central lobe
of the relatively unperturbed BG beam. To ensure that any breakup or deflection experienced
by the beam due to the turbulence would be reflected in the analysis, the size of the ROI was
chosen to be consistent with the maximum beam wander displacement expected in the UTE. The
correlation is given by

_ ZXZ}'Il(x’y)'IZ(x’y)
VZe By B y) 2 2, B y)

where I,(x,y) and I»(x,y) are the intensity values of the reference beam and perturbed beam,
respectively. Figure 6 depicts two examples of the effects of turbulence on the propagated modes,
with Fig. 6(a), (b) depicting both a (a) reference beam and (b) a perturbed beam at the same
scanning position, the white circle indicating the ROI, and the inset image providing an enlarged
view of this region. In this instance, it is observed that the beam is only minorly distorted by
the turbulence, maintaining a high correlation value with the corresponding reference beam.
Comparatively, Fig. 6(c), (d) illustrates an instance when the (d) perturbed beam is heavily
distorted and shifted compared to the (c) reference beam, resulting in a low correlation value. By
calculating the correlation value for each image in the dataset, optimal transmission paths are
identified within the turbulent volume.

Bounding the effects of the turbulence on the transmitted beams, the minimum correlation
value per scan, Cy;,, and the highest correlation value per scan, C,,;, were determined for each
of the 200 scans. In Fig. 6(e), C,pr and Cy;y, are plotted over the 5 second data acquisition period
as the solid green line and dotted red line, respectively. Each value of C,, corresponds to a
scan location where the beam propagated through that instantaneous turbulence realization least
perturbed, representing the optimal transmission path identified by this probing method. Since
many optical systems reflected in current literature utilize a stationary, on-axis BG beam, it
is necessary to compare the results of a stationary case with C,,;. As indicated in Fig. 5, an
on-axis BG beam is the first position in each scan, and the correlation value for this position
per instance of turbulence, Cj, is represented by the blue dashed line in Fig. 6(e). It is observed
that the stationary BG beam experiences large fluctuations in correlation due to the effects of
the dynamic turbulence, with an average correlation value of 0.66 and standard deviation of
0.11. Comparatively, C,,; averaged a correlation value of 0.90 with a standard deviation of 0.03,
indicating the effectiveness of the probing method to reduce the effects of turbulence on an optical
beam by identifying minimally perturbed transmission paths through the turbulent volume.

To further demonstrate the functionality of the optical probing system, datasets were collected
using higher-order BG modes to scan the turbulent volume. The data collection and analysis
methods described above were replicated to generate data for OAM values, M = (-4, -2, +2, and
+4). Figure 7(a)-(d) depicts instances of the higher-order beams scanning in (a), (c) quiescent
and (b), (d) turbulent conditions with (a), (b) M =-2 and (c), (d) M = +4. Figure 7(e) compares

C
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Fig. 6. (a) Reference beam and (b) perturbed beam at the same scan position showing an
example of minimal distortion and high correlation within the central region of the beam.
(c) Reference beam and (d) perturbed beam at the same scan position showing an example
of noticeable distortion and low correlation within the central region of the beam. (e) Graph
displays the maximum correlation per scan, Cypy, the minimum correlation per scan, C;p,
and the correlation of an unshifted BG beam, C|, across the 5 second data acquisition period.

the system performance for each of these modes by plotting C,; in time for each M value as well
as C,p; of the initial dataset with M =0. It is noted that a respective dataset is taken during a
unique 5 s period of turbulence for each OAM value, and the scanning position at which C,,; was
obtained varied due to the dynamic spatial distributions of the turbulence. It is observed that as
|M| increases, the average C,, slightly decreases. This is likely due to the increase in spatial
footprint as the mode number increases, making the larger beams more susceptible to the effects
of the turbulence. Regardless, the probing system identifies high-fidelity transmission paths
for all values of M, indicating the ability to transmit high-order modes through the underwater
turbulence relatively unperturbed. These results demonstrate the proclivity of these channels to
support high bandwidth optical communication links through spatial division multiplexing [43].

While the previous results indicate the described probing system’s ability to identify unperturbed
transmission paths within a turbulent volume where the effects of beam wander are minimized,
it is necessary to also consider the scintillation of the beams traveling along these paths. To
further compare the performance of the beams traveling along these identified channels to a
stationary, on-axis BG beam, the scintillation was measured for both cases at OAM values
M=(-4,-2,0,+2, and +4). For all scintillation measurements, the point of maximum power
in quiescent conditions was used, located in the central lobe of the 0"-order BG beam and in
the annulus of the higher-order vortex beams. In Fig. 8, the red circles depict the scintillation
index over a 5 second period for a stationary, on-axis beam, Cy, for each respective OAM value.
Comparatively, the green circles indicate the scintillation index over the same 5 second period
given the optimal transmission path identified per scan, C,, for each respective OAM value.
For all OAM values, it is observed that the scintillation index of the beam traveling through the
optimal paths identified by the system is drastically reduced compared to that of the stationary,
on-axis beam. The scintillation values for C; and C,,, are reported in Table 1, along with the
percent reduction in scintillation between the two cases. The reduction in scintillation is greatest
for the case of the 0"-order BG beam, being reduced by over 91% from C; to C,,, while the
reductions in the higher-order modes range from 64% to 84%. This further indicates the efficacy
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Fig. 7. With M =-2, (a) a reference beam and (b) perturbed beam are shown at the same
scan position. With M = +4, (c) a reference beam and (d) perturbed beam are shown at the
same scan position. (¢) The maximum correlation values per scan, Cyp;, for OAM values,
M =(-4,-2,0, +2, +4). 200 scans were conducted over a unique 5 s time period for each
respective OAM value.

of the probing system in determining transmission paths that are relatively unperturbed by the
turbulent effects, resulting in lower scintillation.
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Fig. 8. Scintillation index of a stationary, on-axis beam, C, and the optimal transmission
path identified per scan, Cqpy, for various OAM values, M = (-4, -2, 0, +2, +4).

4.2. Spatiotemporal characteristics of the optimal transmission paths

By taking 200 scans at 25 ms intervals over a total time of 5 seconds, with each scan consisting of
95 unique positions covering a circular area, both the temporal and spatial characteristics of the
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Table 1. Scintillation index measurements for stationary beam and optimal beam

OAM Charge Scintillation Index C Scintillation Index Cppy Reduction in SI (%)
-4 0.3242 0.1180 63.6
-2 0.3022 0.0471 84.4
0 0.3933 0.0327 91.7
+2 0.3680 0.0761 79.3
+4 0.3015 0.0542 82.0

propagation paths through the underwater turbulence can be studied. Figure 9(a) is a visualization
of the collected data in the 5 second period scanning with the 0""-order BG beam, with each row
corresponding to a single scan position and each column representing a complete scan at an
instance in time. The color of each pixel in Fig. 9(a) indicates the correlation value, C, for the
corresponding scan position and instance in time, with yellow indicating higher C values and
blue indicating lower C values. To further characterize the optimal transmission paths within the
turbulent volume, realizations with C values greater than 0.8 were considered. These instances of
relatively unperturbed transmission are displayed as the opaque regions in the dataset in Fig. 9(b)
and comprise 11.6% of the realizations collected, indicating the prevalence of these paths in the
underwater turbulent environment. The persistence of these high-fidelity transmission paths
was analyzed by determining the individual lengths of the highlighted regions along each row
of Fig. 9(b). Figure 9(c) is a histogram of the persistence values, showing the distribution of
the persistences for the identified instances. The persistences of these transmission paths range
from 25 ms to 1.575 s, with a median and mean value of 350 ms and 444 ms, respectively. The
temporal characteristics of these channels are indicative of the underwater turbulence, and the
results match previous work within the same turbulent environment that describes the turbulence
changing on the order of hundreds of ms [35].
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Fig. 9. (a) Correlation values (color) for each scan position over 200 consecutive scans
taken in 5 s. (b) Opaque regions indicate high-fidelity transmission paths (C > 0.8) within
the dataset. (c) Histogram showing the distribution of persistences of the high-fidelity
transmission paths.

While the temporal characteristics of the unperturbed transmission paths were determined
through a row-by-row analysis of the data presented in Fig. 9(a), (b), the spatial distribution of
these high-fidelity channels can be determined through a column-by-column analysis of the same
data. In Fig. 9(a),(b), each column represents a single scan through all 95 positions, completed
during an instantaneous realization of the turbulent environment. Figure 10(a) displays the
data associated with a single scan as a spatial map of all 95 scan positions, with the color
of each marker indicating the correlation value of that scan position for the given realization
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of the turbulence. In Fig. 10(a), as in Fig. 9(b), the opaque markers indicate the relatively
unperturbed transmission paths (C > 0.8). For the scan depicted in Fig. 10(a), it is observed
that the high-fidelity transmission paths create three distinct regions within the scanned area,
indicating the size and density of these channels for this realization of turbulence. Over the 200
scans taken within the 5 second period, an average of 11 scan positions demonstrated minimal
perturbations per scan, creating an average of 3 spatially separated regions per scan. This result
indicates the existence of multiple channels that can be exploited simultaneously [44]. To further
demonstrate, Fig. 10(b) depicts an incoherent superposition using two of the beam profiles from
different scan positions within the scan shown in Fig. 10(a). Both of the scan positions shown in
Fig. 10(b) propagated through the turbulence relatively unperturbed and are outlined in black in
Fig. 10(a). The correlation between the respective intensity profiles of the two modes displayed in
Fig. 10(b) is found to be 0.22 using Eq. (19). In this example, the low correlation value indicates
relatively little spatial overlap between the two unperturbed modes after propagation through the
turbulence, illustrating the propensity to exploit simultaneous channels with minimal interference
within a dynamic, turbulent underwater environment.
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Fig. 10. (a) Correlation values (color) of each position for a single scan completed during
an instantaneous realization of turbulence. (b) A superposition of intensity profiles indicates
the existence of two unperturbed transmission paths existing simultaneously within the
turbulence.

5. Conclusion

The propagation of light through turbulent media remains a major challenge for the realization of
optical systems in underwater environments. Towards this goal, there have been numerous works
demonstrating unperturbed transmission through static turbulent paths, outlining a fundamental
approach to optimized propagation through disordered media [24-26]. Extending this idea
to a real-world dynamic environment, this work describes the experimental generation and
manipulation of off-axis BG modes to achieve unperturbed propagation through an underwater
turbulence environment. A modified HOBBIT system rapidly scans the non-diffracting modes
within a probing volume, allowing transmission channels that suffer minimal effects from the
turbulence to be identified. The results demonstrate that the beams propagated through the
minimally perturbed channels experience largely reduced effects of the turbulence, including
over a 91% reduction in scintillation index, when compared to an on-axis, stationary BG
beam. Additionally, higher-order off-axis BG modes were successfully transmitted through
the optimal channels, demonstrating the possibility for these paths to support high data rate
optical communication links through multiplexing and demultiplexing [43]. The prevalence of
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these unperturbed transmission paths is reported as 11.6% of all probed realizations with an
average channel persistence of 444 ms, and the propensity for simultaneous channel exploitation
is demonstrated. The experimental realization of unperturbed propagation through a complex
turbulent environment alongside the analysis and discussion of certain channel characteristics is
an important step towards the realization of robust optical systems in real-world environments.
Expanding further upon this work, preliminary results demonstrate the feasibility of application-
tailored modes for specific purposes through a turbulent volume, indicating further optimizations
of optical systems including sensing and imaging and optical communications in real-world
environments.
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