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Atmospheric turbulence can cause critical problems in many applications. To
effectively avoid or mitigate turbulence, knowledge of turbulence strength at
various distances could be of immense value. Due to light-matter interaction,
optical beams can probe longitudinal turbulence changes. Unfortunately,
previous approaches tended to be limited to relatively short distances or large
transceivers. Here, we explore turbulence probing utilizing multiple sequen-
tially transmitted longitudinally structured beams. Each beam is composed of
Bessel-Gaussian (BG, - o ) modes with different k, values such that a distance-
varying beam width is produced, which results in a distance- and turbulence-
dependent modal coupling to /#0 orders. Our simulation shows that this
approach has relatively uniform and low errors (<0.3 dB) over a 10-km path
with up to 30-dB turbulence-structure-constant variation. We experimentally
demonstrate this approach for two emulated turbulence regions (-15-dB var-
iation) with <0.8-dB errors. Compared to previous techniques, our approach

can potentially probe longer distances or require smaller transceivers.

The atmosphere is a medium that affects many applications, such as
various forms of air flight and the transmission of light waves'”. The
atmosphere is considered an inhomogeneous medium with random
fluctuations of varying strengths in both time and space'”. Moreover,
atmospheric turbulence can seriously affect various applications,
including (a) people and aircraft: turbulence can be characterized by
random air motion, which has been identified as a leading cause of
serious injury to airline passengers and damage to various forms of
aircraft*’ and (b) communications and imaging: the temperature var-
iations of the atmosphere can cause spatial and temporal changes in
the refractive index. These refractive index changes can induce wander
and distortion to light waves and significantly degrade free-space

communication links and imaging systems'. In each of these cases,
knowledge of the inhomogeneous spatial distribution of atmospheric
turbulence can help in spatially avoiding or actively mitigating the
effects of strong-turbulence regions®®,

In general, optical beams can serve as probes for the detection of
atmospheric turbulence due to light-matter interaction’**. For exam-
ple, the total accumulated turbulence can be determined by measuring
the turbulence-induced beam wavefront distortion at the end of its
propagation path”®". However, knowledge of the specific distribution
of turbulence strength at various longitudinal z distances could be of
immense value for enabling: (a) aerial platforms to avoid local areas of
“flight risky” strong turbulence*® and (b) more accurate adaptive
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optics turbulence compensation in communication links and imaging
systems' "%,

Previously, optical approaches have been demonstrated that can
measure the distribution of turbulence strength along a path. One
technique is based on LIDAR**™, which detects a transmitted pulse
that is backscattered by air. This method requires equipment at only
one terminal but is typically limited to a few hundred meters due to the
small power in a reflected pulse’'°. Consequently, such a short dis-
tance may not provide sufficient warning to avoid turbulence. Another
technique that can operate over many kilometers is based on trans-
mitting two beams that intersect each other along the path®'™,
Changing the angle between these beams results in their overlap at
different z locations. The two beams experience similar turbulence
where they overlap, thus enabling an array of receivers to measure the
z-dependent turbulence strength. Due to the angular requirement for
long distances, however, this multi-aperture approach tends to either:
(i) require a dramatically larger receiver size than transmitter size*,
thus making it far too large to deploy, or (ii) have relatively poor
performance near the transmitter for the case of the transmitter and
receiver being of similar size'**. An over-arching goal would be to have
a relatively accurate z-dependent turbulence probing technique that
operates over long distances and be of reasonable size.

In this paper, we propose and demonstrate using longitudinally
structured beams for probing turbulence strength (i.e., turbulence
structure constant, C,Z,(z)) along a propagation path using a single pair
of Tx/Rx apertures of similar size. Our longitudinally structured beams
are superpositions of multiple low-divergence Bessel-Gaussian
(BG, - x,) modes with different longitudinal wavenumbers k, and an
orbital angular momentum (OAM) /=0 order. We tailor the complex
coefficients for different k, values to generate a z-dependent beam
width. Subsequently, we measure the resultant turbulence-induced
power coupling among various / orders as signatures for retrieving the
z-dependent turbulence strength. Since turbulence affects a wider
beam more than a narrower beam, the receiver detects relatively
weaker effects where a narrow beam interacts with turbulence. By
sequentially transmitting different beams with the narrow section
located at different z locations, we extract the turbulence-strength
distribution when measuring at the receiver the z-dependent BG
modal coupling from /=0 to /20 orders. By simulating a 10-km path
with up to 30-dB difference in Cf,, our approach shows: (i) relatively
uniform probing errors?** (-0.1to ~0.3 dB); and (ji) a trade-off between
probing resolution and transmitter aperture size. We also experi-
mentally demonstrate probing of two emulated turbulence regions of
~15 dB variation and <0.8 dB error. Importantly, our approach has the
potential to support: (i) much longer distances than lidar and (ii) much
smaller size and uniform performance than crossed
overlapping beams.

Results

Different turbulence-induced effects on probe beams can be utilized
as signatures to help retrieve turbulence information. In our approach,
we measure the turbulence-induced modal power coupling as sig-
natures. Modal power coupling is defined as the coupling of power
from the original spatial mode of the transmitted beam to other spatial
modes***», The amount of modal coupling is related to the
z-dependent turbulence strength and beam width***. Using a single
Tx/Rx aperture pair, we sequentially transmit bursts of different
longitudinally structured beams as z-dependent probes. Each beam is a
superposition of multiple /=0 order BG, . ;, modes with different
longitudinal wavenumbers, k,**. BG, , modes have two spatial indices:
(i) 7 is the number of 21t phase shifts in the azimuthal direction (i.e., the
beam’s OAM value), and (ii) &, is related to the radial wavenumber k,
which determines the radial rinzg spacings in the intensity profile*” . k,
and k, satisfy k,”+k,>= (&)°, where A is the wavelength”. By
designing the complex coefficients of k, of the /=0 order BG modes,

the beam width of each beam can be designed to be z-dependent. This
z-varying beam width can result in different z- and turbulence-
dependent power coupling from the /=0 BG modes to other /
orders. Based on measured # modal coupling and k, designed beam
widths, we can extract the inhomogeneously distributed turbulence
strength along the propagation path. Importantly, instead of other
modal basis (e.g., Laguerre-Gaussian modes), we choose combinations
of BG modes for creating the z-dependent probe beams to achieve a
lower beam divergence”*, thus enabling a smaller size Rx aperture.

Detailed principles of our approach using turbulence-induced
/-based power coupling and k,-based longitudinally structured beams
are described below.

Turbulence-induced depletion of power in a launched mode
Optical beams can be distorted when propagating through turbulence,
giving rise to power coupling from the transmitted spatial mode into
other modes****?°, In our approach, we consider power coupling
among / modes to characterize such turbulence-induced modal
coupling®. Applied to a launched fundamental Gaussian beam (/=0)
propagating through a (statistically) longitudinally uniform atmo-
spheric turbulence, the normalized average power remaining at the
end of the link on the /=0 mode, P(/ =0), as well as a parameter S,
are™:

P(¢=0)= (Io(B) +1,(B)) exp(=PB) @

and*

B=1.8025(D)r, 3, @)

where /,,(-) is the modified nth-order Bessel function of the first kind, D
is the beam width (second-order definition®) and B is related to the
integration of the turbulence strength along z, as characterized by the
Fried parameter, ry'>*

3
5

L E
ro= <o.423.k2 /0 Cﬁ(z)dz) ©)

Here, C3(2) is the z-dependent refractive index turbulence struc-
ture parameter, k=2m/A and L is the total propagation distance.
Equations (1-3) indicate that modal coupling increases with increasing
turbulence strength (i.e., smaller r or larger Cf,(z)) as well as the beam
width (i.e., larger D). This can be understood as follows: (i) the Fried
parameter r,, is a measure of the transverse distance scale after which
the turbulence refractive index becomes uncorrelated and (ii) under a
given r, larger beams experience more uncorrelated refractive index
fluctuation and exhibit stronger turbulence-induced distortion and
modal coupling®*?.

Heuristically extending Eq. (1) to an inhomogeneous turbulence
scenario and comprising M uniform segments of strengths
{Cf,,j,j=1, ...,M} each of thickness Az, we express S of Eq. (2) as:

$~18025 XM:{ 0.423¢°C2 82| D7}, )
Jj=1

where {D;,j=1,...,M} are the beam widths of each respective segment
and assuming for simplicity that the widths do not change within a
segment. By sequentially transmitting different beams each having its
narrow width at a different longitudinal turbulence segment, we can
define a set of equations for solving the corresponding turbulence
strengths, {C;,j=1,...,M} along the link.

Longitudinally structured beams
Longitudinally structured beams can be created by a coherent super-
position of multiple co-propagating BG modes with different
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a. Turbulence probing using forward-propagating optical beams
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Fig. 1| Concept of using longitudinally structured optical beams for probing
turbulence along a propagation path. a A general scheme for transmitting
forward-propagating optical beams at the transmitter (Tx) to probe turbulence
along a path. At the receiver (Rx), beam-turbulence interactions are measured to
retrieve turbulence information. b One prior turbulence probing technique trans-
mits two beams from two separate sources, crosses them at different distances, and
detects them using a multi-element Rx aperture array. ¢ Our approach designs and

sequentially transmits multiple longitudinally structured beams. Our longitudinally
structured beams are superpositions of multiple BG, - o ,, modes with different
longitudinal wavenumbers k, and an OAM / =0 order. The three numerically
generated transverse (y)-longitudinal (z) intensity distributions exemplify three
different beams with narrower beam widths only in limited regions of choice. At the
Rx, based on measured modal coupling from /=0 to /#0 orders, the distributed
turbulence strength along the propagation path is extracted.

longitudinal wavenumbers, k,, and /=0 orders®*7¢, The k, values
have equal spatial frequency spacing, thereby forming a comb in the
space-frequency domain®, as shown in Fig. 1c. The constructive and
destructive interference among the BG modes is governed by their
complex coefficients. By controlling the coefficients, a longitudinally

Equation (5) shows the waveform of a longitudinal structured beam

consisting of (2N+1) BG modes all at the same optical frequency
w026,38:

N
W(p,2,0)=€ 4G (p) " AnJo(kpnp)eer?

structured beam can be designed to have a desired on-axis central 5)
intensity distribution along the propagation axis z, from z=0 to L**%. n=—N
Nature Communications | (2023)14:4701 3
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where p is the radius in the cylindrical coordinate; k, , and k, , are
transverse and longitudinal wavenumbers, respectively, satisfying
kp,n2+kzy,,2=k2; G(p) is a Gaussian apodization and is chosen
to ensure that all BG modes have relatively low divergence in
the relevant longitudinal range®®; and the coefficients {A,} are
given by*

L
Ap= % /0 F(2)e " dz, (6)

where the function F(z) defines the desired longitudinal on-axis central
intensity distribution. Figure 1c shows an example of a longitudinally
structured beam that has a rectangular-shaped longitudinal central
intensity distribution. Specifically, the on-axis intensity is designed to
be higher within z;<z<z; and lower elsewhere, corresponding to a
pattern®
_[1 forz;<z<z;
F@) { 0 elsewhere @

Importantly, the location of the intensity-higher region can be
almost arbitrarily determined by a proper choice of the F(2)
function®.

As for the z-dependence of the beam width: In the intensity-higher
region (z;<z<z;), different BG modes constructively interfere and
contribute to a higher intensity at the center part of the beam***, and
consequently, a narrow beam width. However, in the other regions,
different BG modes are no longer in-phase and their power is spread
over a larger width?**, In our turbulence probing approach using
longitudinally structured beams, such controllable z-dependent beam
width can provide z-dependent signatures that help to extract the
turbulence strengths along the z-axis.

Turbulence probing using longitudinally structured beams
Figure 1b shows a prior turbulence probing approach using two
crossing beams. By changing the angle of the two beams, they
overlap at different z locations. At these locations, there is a com-
monality in how the light is affected by turbulence. By detecting the
difference in the turbulence-induced distortions for different
angles, the turbulence strength along z can be measured. Figure 1c
shows the concept of our approach using a single Tx/Rx pair and
multiple longitudinally structured beams, each having its narrow
width at a different position along the path. Our longitudinally
structured beams are superpositions of multiple BG,_,, modes
with different k,. Proper choice of the superposition coefficients
dictates the distribution (along z) of the on-axis intensity pattern of
the beam, which also corresponds to different beam widths along z.
To simplify the analysis and simulation, the turbulence distribution
along zis divided into M equal-length regions, each having constant,
region-dependent turbulence strength®”™ (i.e., {Cf,’j,j: 1,...,M}for
the turbulence region j). At the Tx, M longitudinally structured
beams are sequentially transmitted, in which beam i has its narrow
width in region i. Following Eq. (4), the B for beam i can be
approximated by:

B;~1.8025 EMI{ (o, j)% [0.423K°C], Az ] } ®)
j=1

where D, ; is the width of beam i when it is in turbulence region j, and
Az =1 /M is the length of each region. We note that the beam width is
not a constant value and can change along z during beam propa-
gation within each region?. In Eq. (8), we use a constant beam width
value D, ; as an approximation to calculate the turbulence effect for
each region. For beam i, D, ; is defined as the average value of the
beam width along z within turbulence region j. Equation (8) can be

represented as a set of linear equations:1

s H H
B (Dry)? (D)’ (Dyw)? Cix
b =(1sozsxo4a23az)| ; Al
gfl (Dy-11)? (Oyam-1)*  Oyam)? || Com
s 0 H H 2
M (D) (Pyma)  Dum) Com

©)

Based on Egs. (1-2), the normalized average received power

remaining on the /=0 order for beam i is approximated by:

P2 =0)=(Io(B;) +1(B;)) exp(-B;) 10)

Therefore, after measuring P;(# = 0) for each transmitted beam at

the Rx and extracting the corresponding S; based on Eq. (10), we can

solve the M equations of Eq. (9) for the {Cﬁ,j,jzl, ...,M} of the dif-
ferent regions.

We note that previous studies have reported a more general

analytic expression to calculate normalized average received power on
different OAM orders (P(/))*":

B oF, A +21+ 2,2+ 41+24,-2B)

Py 2Yr2+7)

an

where I'(-) is the gamma function and ,F, is the generalized hyper-
geometric function. Equation (10) is reduced from Eq. (11) for the case
of /=0%. Both Eq. (10) and Eq. (11) are approximated formulas that
only consider the low-order turbulence aberrations (e.g., tip and tilt)*".
This approximation is based on that the contribution to OAM modal
coupling of higher-order aberrations diminishes rapidly and can be
orders of magnitude smaller**. It has been shown that Eq. (11)
generally underestimates P(/), but it is in relatively close agreement
with the exact values for /=0,1%*.

In order to measure the normalized P(/ =0), we perform spatial
modal decomposition and normalize the power among OAM orders
ranging from /= —10 to /= +10**”. If a larger number of OAM orders
are taken into account during the measurements, a more accurate
normalized value of P(/=0) might be obtained. Moreover, it is also
possible to utilize the power on many other /#0 orders as signatures
for probing based on Eq. (11). Therefore, more information on the
modal coupling can be utilized for turbulence probing with potentially
higher accuracy.

Simulation
To explore the performance of our approach, we simulate the probing
of a 10-km path with inhomogeneous turbulence. As an example, in
Fig. 2a, we simulate a case of three regions, each with a different
constant turbulence strength of {Cf,l J=12,3}, respectively. We use a
split-step beam propagation method"*, in which 40 different phase
plates are placed at 250-m spacings. When each beam sequentially
propagates through the phase screens, each screen induces its own
spatial phase distortion on the beam. We generate “random” phase
distributions with different turbulence strengths according to the
Kolmogorov turbulence theory*?. To probe three regions, we transmit
three longitudinally structured beams (e.g., Beam 1, 2, and 3) at a
wavelength of 1550 nm, in which each beam’s narrower beam width
longitudinally overlaps with its corresponding turbulence region. We
set the center of k, longitudinal wavenumbers to be Q=k,o=(1 -
6x107%) x k; N=7; and the size of the Tx/Rx aperture diameters =1m.
We note that our approach applies Egs. (1-2) (i.e., equations for a
homogeneous medium in ref. 24) to an inhomogeneous turbulence
scenario comprising multiple longitudinal segments. In ref. 24,
homogeneous turbulence (only a single segment) is considered, and
the input beam is a single-mode coherent beam. However, we consider
inhomogeneous turbulence cases (multiple segments) in our paper. As

Nature Communications | (2023)14:4701
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Results of turbulence probing
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Fig. 2 | Procedures of our approach for probing a turbulence distribution with
three different turbulence regions. a Three equal-length turbulence regions in
simulation with each region having a different turbulence strength of {Ci, J=123).
b Simulated beam widths (D; J for each beam i in each region j) of the three beams
designed for turbulence probing. ¢ Simulated average modal spectrum for the three
beams at the Rx under 200 turbulence realizations. The bars show the standard

deviation for the simulation results. d Normalized average power remained on the
/=0 for the three beams (e.g., P;(# = 0) for Beam i) in the simulation. e Constructed
equations for retrieving the turbulence distribution. f Probed turbulence distribu-
tion in simulation. The simulated relative probing error is ~4% (-0.2 dB from the
original value) for this example of probing three turbulence regions.

a result, the input beam for turbulence regions j (j=2) can be only
partially spatially coherent*®. This is because the beam can contain
many spatial modes after propagating through turbulence, which can
generally decrease the spatial coherence of the beam**2. Thus, it is
valuable to study whether Eqgs. (1-2) are applicable to each beam i
propagating through turbulence regions j (j >2).

In “Supplementary Information” Section 1, we use simulations to
help determine whether Eqs. (1-2) can provide reasonable estimations
in several cases of inhomogeneous turbulence distributions each
comprising three regions. For each case, we simulate P;;(/=0) for
beam i at the end of region j and compare it to the theoretically cal-
culated value based on Egs. (1-2). Our results show that P;;(/=0)
become smaller after more turbulence regions (e.g., j becomes larger),
which might be due to the more significant accumulation of
turbulence-induced modal coupling*. The calculated results are in

relatively close agreement with the simulated results, with <5% errors.
Our simulation results seem to indicate that Egs. (1-2) might provide
an approximation of turbulence-induced modal coupling results for
turbulence regions j (j =2) in inhomogeneous turbulence cases. How-
ever, a more comprehensive and rigorous theoretical analysis may be
beneficial in the future in order to further investigate modal coupling
effects on partially coherent beams propagating in various inhomo-
geneous turbulence cases**™*,

We calculate the beam width D, ; in Fig. 2b for each beami in each
region j, and the width of each beam becomes smaller in its corre-
sponding region (see “Methods” for width calculation). Modal
decomposition® is used at the receiver to calculate each beam’s modal
spectrum, and Fig. 2c shows an average of 200 different turbulence
realizations (see “Methods” for the decomposition). Subsequently,
P,(/=0) for beam i is compared with the theoretical calculation

Nature Communications | (2023)14:4701
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(Fig. 2d) and used to calculate S; (see Eq. (10)). As a result, equations
relating B;, D; ;, and C}, ; can be formed (Fig. 2e). Finally, the C. ; values
are extracted by solving an inverse problem (Eq. (9)) using optimiza-
tion algorithms (see “Methods” for the inverse problem). These simu-
lated probed turbulence strengths (i.e., Cﬁ, j(probed)) are compared to
the original values from Fig. 2f. The relative errors of the turbulence
distribution’s 2 norm?>? of our method can be given by:

C2 . — C% (probed
Error(Cf,): [1Cn, 5 njP U
|Gy, (probed)|,

12)

For this example, the relative error is -4.0% (-0.2dB from the
original value).

In our approach, we utilize the designed beam width in the
vacuum (without turbulence) to form equations for retrieving long-
itudinal turbulence strengths. However, turbulence can cause beam
width variations at a given propagation distance****. Therefore, the
actual beam width in turbulence may not be identical to that of our
designed beam. Moreover, beam width variations may also affect the
location of the intensity-higher region (the smaller beam-width
region)*®*. In “Supplementary Information” Section 2, we simulate
turbulence-induced beam width variations under several turbulence
distributions and investigate how such variations would affect our
probing approach.

Our results show two effects caused by turbulence-induced beam
width variations: (i) the beam width can be affected by turbulence and
become larger than the designed beam width in the vacuum (i.e., beam
spreading)**** and (ii) the location of the smaller beam-width region
can be shifted closer to the transmitter under turbulence (i.e., location
shift)***” (see “Supplementary Information” Fig. S2). Moreover, these
two effects are related to both the turbulence distribution and the
design of the probe beam. Specifically, our results show that (i) the
beam spreading tends to be more significant if stronger turbulence is
closer to the transmitter*® and (ii) the location shift is larger for a probe
beam with its smaller beam-width region located further from the
transmitter. (see “Supplementary Information” Section 2 for more
explanations).

Furthermore, we compare the turbulence probing performance
when using the designed beam width in the vacuum or the average
beam width in turbulence (see “Supplementary Information” Fig. S3).
The results show that the probing error is -2% larger if the beam
width changes in turbulence are not considered. We also simulate
other turbulence distributions with different numbers of regions and
find similar effects of beam width variations on our approach. In
these specific cases, our simulation results seem to indicate that our
approach may suffer a relatively small decrease in the probing
accuracy if we do not consider the beam width changes in turbu-
lence. In general, the beam width variation can become more sig-
nificant for a beam propagating through a longer and stronger
turbulent path**‘. Therefore, it may have a greater effect on our
approach. We note that a more rigorous theoretical study may be
beneficial in the future in order to: (a) examine the extent that beam-
width variations affect the accuracy of our approach and (b) help
optimize the design of the probe beams for better performance in
various turbulence cases***’,

Next, we explore more complicated scenarios with 40 turbulence
regions. In these examples, we simulate “Gaussian-shaped” turbulence
distributions with the peak turbulence strength located at different z
(see Fig. 3). We design and transmit 40 longitudinally structured probe
beams (Beams 1 to 40). For designing Beam i, we use an on-axis central
intensity distribution

1forz;<z<z;+250m
0 elsewhere

Fi(z)= { (z;=(i — 1) x250m). (13)

Figure 3a shows the received beam profiles of Beams 1, 20, and 40
for a turbulence distribution with its peak strength located at z=5 km.
We find that Beam 20 has its minimum size at z=5 km and has the least
relative distortion of the 40 beams. Figure 3b shows the average
P(¢=0) under 200 turbulence realizations. The results show that the
average P(/=0) is higher for the beams that have narrower widths in
the stronger turbulence regions. This is because the turbulence causes
relatively less distortion and modal power coupling to narrower
beams. Figure 3c1-c5 compare the simulated probed turbulence dis-
tributions with the original values. Our results show relatively uniform
performance with errors varying from ~2% to -8% (-0.1 to ~0.3 dB from
the original value), for various z locations of peak turbulence strength.

To further investigate the probing resolution of our approach, we
vary the width of the Gaussian-shaped turbulence distribution (see
Fig. 4). We compare different center longitudinal wavenumbers Q of
the longitudinally structured beams, and Q is considered an important
property describing longitudinally structured beams®. Specifically, the
max number of BG modes (2N, +1) that can be used to construct the
beams is related to the Q value according to*:

s £SO (14)
where k=2m/A and L is the path length. As shown in Fig. 4a, our
simulation shows that smaller Q results in the following: (i) there tend
to be more rapid changes in the beam width along z, and (ii) the
minimum beam width becomes smaller. These results are due to the
following: (i) a smaller Q supports a larger N,,,, such that more BG
modes can be used to represent the narrower on-axis intensity
distribution F;(z); and (ii) the beam spot size of a BG beam becomes
smaller with a smaller longitudinal wavenumber® *°.

We simulate the probing performance under three different
Gaussian-shaped turbulence distributions, each having a different full
width at half maximum (FWHM) (Fig. 4b, c). With a smaller Q, the
longitudinally structured beams can probe a narrower (i.e., faster
changing) Gaussian-shaped turbulence distribution with smaller
errors. This is because the beam with a smaller Q has more contrast
and sharper beam-width transitions, which can efficiently sense more
rapid turbulence changes along z.

Although a smaller Q may have better performance, it also tends
to require a larger transmitter aperture. The required transmitter
aperture diameter D, for generating probe beams is given by****:

D, 221

aperture =

as)

From Eq. (15), a larger aperture is required to generate long-
itudinally structured beams with a smaller Q*. Therefore, there tends
to be a trade-off between the probing resolution and the transmitter
aperture size. One can achieve finer probing resolution by (i) utilizing
larger apertures that can support smaller Q or (ii) designing and
transmitting more beams such that each beam can probe a shorter-
range turbulence region.

In order to explore the performance of our approach in different
cases, we simulate other turbulence distributions (see “Supplementary
Information” Fig. S4). These results include “linear-changing,” “trian-
gular-shaped,” and “sine-shaped” distributions with errors of <8, <12,
and <32%, respectively. Simulation results show that more compli-
cated distributions with larger longitudinally spatial gradients tend to
result in larger errors. We also simulate a Cﬁ profile based on the
Hufnagel-Valley (H-V) model, which has been widely used to describe
turbulence strength at different altitudes™. In addition, we simulate
our approach and compare the results to previously published
experimental data of C2> at different altitudes measured by
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one turbulence realization. b Average P(/ = 0) for the probe beams under 200
turbulence realizations. The bars show the standard deviation of the results. ¢ The
original turbulence distribution (Cﬁ(z)) and its simulated probed values.

radiometers™ (see “Supplementary Information” Fig. S4). The simu-
lated probing error compared to the H-V model and the experimental
data published in the literature™ is -8 and ~16%, respectively.

Experimental validation

We conduct a proof-of-concept experiment with emulated turbulence
regions under laboratory conditions, as shown in Fig. 5a (see the
“Methods” for more details). We divide a 0.6-m propagation path into
two equal-length regions, and we emulate turbulence effects by pla-
cing a rotatable thin phase plate in the middle of each region. The
phase plates are fabricated to have different Fried parameter r, to
emulate different turbulence strengths (smaller r, means stronger
turbulence) for a wavelength of 1550 nm*%.

To probe these two turbulence regions, we generate and transmit
Beams 1 and 2, having their narrower beam widths at 0 <z<0.3 m and
0.3 m<z<0.6 m, respectively. Figure 5b, ¢ shows the simulated and
experimentally measured intensity profiles of the two beams. In
Fig. 5d, we calculate the beam widths for the two beams based on the
measured intensity profiles. Our results show that the experimentally
measured beam widths are in relative agreement with the simulation
results. In Fig. 5e, we show the received beam profiles and measured
modal spectra of Beams 1 and 2 under one turbulence realization for
four different cases, where turbulence regions 1 and 2 have different

values for ry. As shown in the measured modal spectra, the beam
suffers less turbulence-induced modal coupling when its narrower-
width section is in the stronger turbulence (smaller r). For example, in
Figs. 5e2, 4, Beam 1 exhibits a larger measured P(/=0) than that of
Beam 2 for the stronger turbulence region 1 and weaker turbulence
region 2 (see Fig. 5e3, e5) for the opposite scenario).

Figure 6a shows measurements of the P(/ = 0) for Beams 1 and 2
under 200 different turbulence realizations for the four different
turbulence distribution cases. Again, the histograms show that the
average P(/ =0) is larger for the beam that has smaller beam widths
in the stronger turbulence region. Compared to Case 1 & 2 with
ro=1mmand 3 mm, Cases 3 & 4 with r, = 0.4 mm and 3 mm resultin
more mode coupling to /#0 orders and smaller P(¢ =0) due to the
stronger turbulence (r, = 0.4 mm) region. To probe the turbulence
strengths in the two regions, we first calculate for each case the
average P(/=0) for Beams 1 and 2 for the 200 turbulence realiza-
tions. Using Eq. (9), we then utilize the average P(/=0) and mea-
sured beam widths (shown in Fig. 5d) to extract the r for the two
regions. As shown in Fig. 6b, the average relative errors in the
experiment for Cases 1 to 4 are around 7.7, 9.8, 9.4, and 15.3% (i.e.,
all <0.8 dB), respectively. Simulations are also conducted using the
same parameter settings, and these results are in relatively good
agreement with the experimental results.
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Q=(1-3x10-1%)xk Q=(1-6x10-1%)xk

Q=(1-9x10-1%)xk

1 -
al - — - Beam1 a2 Beam 1
@) Beam 20 (a2) Beam 20
............... Beam 40

Beam 40 g,

Beam width (m)
o
[6)]

probe region

o

- — - Beam 1
Beam 20
- Beam 40/-_/’

@ -

10 0 2.5 5 7.5

Distance z (km)

0 25 5 7.5
Distance z (km)

100 25 5 7.5
Distance z (km)

10

b Simulated turbulence probing results using probe beams with different Q for 3 different turbulence distribution cases

x10-14
1.5 (b1) Case 1 (b2) Case 2 (b3) Case 3 | — Original turbulence
& — Turbulence probing results
S 1
£ w/ Q=(1- 3x101%)xk
o~ FWHM FWHM — Turbulence probing results
(S 0.5 ~800m ~400 m w/ Q=(1- 6x10"0)xk
= Turbulence probing results
0 w/ Q=(1- 9x10-"0)xk
0 2 4 6 8 10 0 2 4 6 8 10

4
Distance z (km) Distance z (km)

c Simulated relative probing errors for the 3 cases
1

0.5

Relative error
Required aperture
diameter (m)

(1-9x10"%)xk (1-6x10"°)xk (1-3x1071%)xk
Center longitudinal wavenumber Q

Fig. 4 | Simulated turbulence probing results by using longitudinally struc-
tured beams with different center longitudinal wavenumbers Q. a Simulated
beam widths of the longitudinally structured beams with different center long-
itudinal wavenumbers (i.e., Q values with wavenumber k = 2 /7). For the different Q
values, we choose N =N,,,,. b Simulation results for probing “Gaussian-shaped”

=N
L

o
&)
.

Distance z (km)

(d) Calculated required aperture dismeter for different Q
1.5 T r :

(1-9x101%)xk  (1-6x10"%)xk (1-3x10%)xk
Center longitudinal wavenumber Q

turbulence distributions with different full widths at half maximum (FWHM).

c Relative probing errors for the three different cases of FWHM using longitudinally
structured beams with different Q values. d Calculated aperture diameters required
for generating the longitudinally structured beams with different Q values.

Discussion

Currently deployed, non-optical turbulence probing techniques are
limited, including (i) radar-based turbulence monitoring has difficulty
measuring turbulence in clear air without dense clouds’ and (ii) an
aircraft flying through high-turbulence locations can signal other air-
craft, but this does not help the original aircraft avoid the turbulence
or if the turbulence changes dynamically>>.

Alternatively, optical probing techniques do not generally suffer
from these drawbacks®”*. However, different optical approaches can
have different advantages and disadvantages when compared to the
approach of our paper:

(a) Back-scattering-based lidar: Lidar relies on detecting relatively
low-power backscattered light by air’ and is typically limited to a
few hundred meters”'°. This distance provides a few seconds of
warning time, which is typically too short for an airplane to
actively avoid turbulence®. Our approach detects forward-
propagating beams and has a much higher signal power,
potentially supporting multi-kilometer-length distances and
providing a longer warning time for turbulence avoidance.
However, since lidar uses equipment at one terminal and our
approach requires separate Tx and Rx terminals, lidar can probe
in any direction and does not need to form a link between two
terminals.

Forward-propagating crossed beams: Crossed beams relies on
changing the angle and location of beam overlap™*. It has been

(b)

demonstrated for long distances, but: (i) the receiver array can
require many elements and be very large in size (e.g., 4 m for a 10-
km probe) and (ii) the accuracy near the transmitter is generally
poorer. Alternatively, our approach utilizes a single pair of Tx/Rx
apertures, the size can be smaller (e.g., 4X smaller), and
the accuracy can be uniform along the entire path. However,
the crossed beams approach uses simple Gaussian beams, which
are easier to generate and transmit than our tunable
structured beams.

Focusing Gaussian beams: Given our structured beams with a
z-dependent width, we compare our approach to a simple case of
using transmitter lenses to focus a fundamental Gaussian beam at
different distances®*~°. In the “Supplementary Information”, we
compare a focused Gaussian beam and our longitudinally
structured beams for a 10-km path with a 1-m Tx aperture. Our
simulation shows that focused Gaussian beams have: (i) sharper
beam width changes and finer probing resolution, but
(ii) larger beam divergence resulting in a larger Rx aperture
(e.g., ~3x larger receiver aperture when the focus is at 1km).

(c)

Another relevant issue to consider is the system architecture. Our
approach requires creating a link between two terminals, which places
a limitation on the directions that can be probed. One can envision
several scenarios that can reduce the impact of this limitation and
create capabilities/opportunities, including the following:
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To directly compare probed turbulence strengths with the emulated ones, we show
the probing results in terms of the Fried parameters r,, instead of the C2. These two
parameters are mutually related by Eq. (3). Based on Eq. (3), the equivalent Cf, ofthe
stronger turbulence region is up to ~-30X (-15 dB) larger than that of the weaker one.

(a) Reconfigurable path: One aircraft can dynamically and reconfi-
gurably steer the probe beam to many other aircraft for sequen-
tially probing turbulence in different directions.

(b) Receiver at touchdown: When an aircraft is landing, the receiver
terminal can be located on a ground station, thereby enabling an
aircraft to probe the turbulence of the landing path.

(c) Network of beams: Multiple probe beams can form a topological
grid among different platforms. For example, a network of air-
craft, satellites, and ground stations can each contain many
transmitters and receivers, thereby enabling a mapping network
to probe the 3-dimensional distribution of turbulence in a region
of the atmosphere.

Summary

In this paper, we propose and demonstrate an approach using
sequentially transmitted longitudinally structured beams to probe
turbulence strength along a propagation path. Each beam is a super-
position of multiple BG modes and is designed to have a smaller beam
width at a different longitudinal region. Since turbulence can affect a
wider beam more than a narrower beam, we extract the turbulence-
strength distribution after measuring the turbulence-induced modal
coupling for different beams at the receiver. Our simulation shows (i)
relatively uniform probing errors (-0.1to ~0.3 dB) of our approach for a
10-km turbulence path with up to a 30-dB difference in Cf, and (ii) a
trade-off between probing resolution and transmitter aperture size.
We experimentally demonstrate our approach for probing two

emulated turbulence regions with up to a ~-15-dB turbulence strength
variation. The experimental results show <0.8-dB probing errors.
Compared to previous methods, our approach has the potential to (i)
support longer distances or (ii) achieve fairly uniform performance
along the path using smaller transceivers.

Methods

Experimental details of our turbulence probing demonstration
As shown in Fig. 5a, at the Tx, we generate longitudinally structured
beams by encoding the desired pattern into a computer-generated
hologram on a programmable spatial light modulator (SLM)*. A
Gaussian beam with a beam waist of ~7 mm is incident on the SLM and
acts as the input of the complex amplitude phase modulation for
structuring the spatial amplitude and phase of the longitudinally
structured beam. Next, a 4-f system and an iris are used to filter out the
desired beam and remove the undesired diffraction orders*. We
divide the 0.6-m path into two equal-length regions and emulate tur-
bulence effects by placing a rotatable thin phase plate in the middle of
each region (i.e., 0.3-m regions with at least 0.15-m free-space propa-
gation after the plate). The phase plates are fabricated with a pseudo-
random phase distribution obeying Kolmogorov spectrum
statistics"***"°%, They are characterized by different Fried parameters
ry (e.g., 0.4, 1, and 3 mm) to emulate different turbulence strengths;
smaller r,, corresponds to stronger turbulence”’. In order to emulate
different turbulence realizations, we rotate the phase plates so that the
beam passes through different representations of turbulence”.
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We examine if our emulation of turbulence after >0.15-m beam
propagation after the phase plate can be considered close to Kolmo-
gorov statistics by measuring the Strehl ratio (SR) for a Gaussian
beam***° (see “Supplementary Information” Fig. S7). We measure SR
values for different phase plates under various link lengths (from 0.3 to
0.6 m). Our results show that the measured values are close to the
theoretical values with <8% relative errors. These results indicate that
the emulated turbulence exhibits a reasonable representation of a
Kolmogorov power spectrum. In addition, we measure the statistics of
the power fluctuation of the received beam passing through a phase
plate with ro=1mm. The probability density function of measured
fluctuations follows a lognormal model*” with a correlation coefficient
R>0.96 to Kolmogorov statistics for various link lengths and propa-
gation after phase plates. Moreover, the scintillation index is found to
be larger for a longer link, which indicates larger intensity fluctuations
caused by the emulated turbulence®. If the receiver is placed right
after the phase plate, we note that the received beam has negligible
intensity fluctuations and the effective turbulence strength approa-
ches zero®; intensity fluctuations would thus arise only after the beam
has propagated some distance after the plate®’.

Previously, phase plates have been utilized in various laboratory
experiments for emulating turbulence with Kolmogorov statistics in a
relatively short path**7°*¢°_ Importantly, the turbulent path emulated
by phase plates in the laboratory can correspond to a much longer
path*®2, Turbulence parameters of a longer path can be scaled from a
shorter lab path given that the two systems have a similar Fresnel
number®

F=a?/(AL) (16)
where a denotes the radius of the source aperture and L is the link
length. Based on our calculation, each turbulence region emulated in
our experiment corresponds to a 5-km path segment with
C2=13%x10""m23,32x10"®m~2/3, and 4.3 x10"*m~2/3 for phase
plates with ro = 0.4mm, 1.0mm, and 3.0mm, respectively.

To probe these two turbulence regions, we design and simulta-
neously transmit two longitudinally structured beams (i.e., Beam 1 and
2), having their narrow beam widths at 0<z<0.3m and 0.3m<
z<0.6 m, respectively. At the Rx, we use off-axis holography to measure
the spatial amplitude and phase of each beam and numerically calcu-
late its modal spectrum and P(/ = 0)* (see “Supplementary Informa-
tion” for the off-axis holography approach). To measure the modal
spectrum using this approach, we split the laser light source to provide
a coherent reference light beam®>®, We note that one can also use an
SLM at the Rx to perform the inner product between the received
beam and Bessel basis functions for the modal decomposition, which
does not require a coherent light beam”**. The modal spectrum
results for each beam and turbulence distribution is an average of
measurements under 200 different turbulence realizations, achieved
through the rotation of the phase plates to different orientations®’.
Based on the measured P(/=0), we perform offline algorithms to
retrieve the probed turbulence by solving Eq. (9) (see “Methods” for
solving the inverse problem). To directly compare probed turbulence
strengths with the emulated ones, we show the probing results in
terms of the Fried parameters rg instead of the C,21. These two para-
meters are mutually related by Eq. (3). Based on Eq. (3), the equivalent
Cﬁ of the stronger turbulence region is up to -~ 30X (~15 dB) larger than
that of the weaker one.

Spatial modal decomposition

To calculate the modal power coupling and the power remaining on
the OAM /=0, we perform the modal decomposition on the received
beam. Since the longitudinally structured beam is a superposition of
2 N +1BG modes, it may seem a natural choice to decompose the beam
into multiple Bessel basis modes”. The modal power coefficients on

each Bessel basis /, gkp,np €/’? can be obtained by the inner product
between the received beam field U(p,¢,z =L) at the Rx and each mode
basis?, i.e.,

N / Up, 9. 2=L) 1, (Kpap )] dpdpl @)

where (p,¢) are polar coordinates. In order to calculate the
modal spectrum, we sum the coefficients on different wavenumbers
k,, for each order /. As a result, the coefficients for the modal
spectrum is

8

lg,I* = Z I 1

n=-N

and normalized such that Y°,|g,|>=1. Therefore, the normalized

power remaining on the /=0 is P(/ = 0)=|g,|*.

Beam width calculation
For the calculation of the beam width, the second moment of the
intensity is usually employed, as given by the following equation®":

a9

D> \/Z.I.'lpllm,fp,z)pdpm
[[1p.9.2)pdpd®

where I(p, ¢,2)=|U(p, ¢, 2)|* is the beam intensity profile and (p, ¢)
are polar coordinates. In this paper, we calculate turbulence-induced
modal coupling by decomposing the beam into Bessel basis (i.e.,
J,(k, ,p)e"?) instead of into the pure 2 azimuthal phase change (i.e.,
ei’? without p-related terms). Therefore, we modify the beam width
calculation by considering the additional Bessel function /, (kp,,,p>
imposed on the beam. As a result, the beam width defined in this paper
is calculated by

Z 2 [[p?1,(p.9.2)pdpd¢
2N +1, J[1(p.¢.2)pdpd

where 1,(p, ¢, 2)=|U(p, , 2V (K, ,0)*

(20)

Retrieve the turbulence by solving the inverse problem

Based on Eq. (9), the Cﬁ information in different turbulence regions is
retrieved by solving an optimization problem to minimize the relative
residual norms™. The solution X is determined by

Ci= argmin{—| IMX—p| |z} @y
18Il
(D1y)? (Dl,M—I)% (DI,M)%
Where M = (1.8025 x 0.423k2Az) L K . | and
(DM—LI)} (DM LM~ 1)3 (DM 1M)3
(Dua)? (Drm-1)’ (DMM);
B
B= :
ﬁM*l
Bu

The MATLAB-constrained nonlinear optimization function fmin-
con was used to find the minimum of Eq. (21)"

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

All raw data, theory details, and simulation detail that support the
findings of this study are available from the corresponding authors
upon request. Source data are provided with this paper.

Code availability
All relevant computing codes that support the findings of this study
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