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Abstract

We investigate a lensless Airy-type optical beam generated by direct Fresnel propagation
of a Gaussian apodized real space cubic phase. Starting from the scalar Fresnel diffraction
integral, we derive a closed-form expression showing that the propagated field can be
written in terms of an Airy function, but with an argument different from that of the con-
ventional finite energy Airy beam. This difference leads to distinct free space dynamics: the
conventional beam is already formed at the input plane and follows a parabolic trajectory,
whereas the lensless beam forms during propagation and undergoes stronger transverse
reshaping and broadening. The two fields are also compared under atmospheric turbulence
using a phase screen approach and multiple performance metrics. The comparison shows
that no single beam performs best for all detection scenarios: the lensless field gives lower
scintillation at the beam maximum, the two beams provide comparable aperture collected
power, and the conventional Airy beam gives higher coherent fiber coupling efficiency.

Keywords: Airy beams; lensless optical fields; Fresnel propagation; cubic phase modulation;
free-space optical communication; atmospheric turbulence; phase screen method; scintillation

1. Introduction

Airy beams are a class of structured optical fields known for their transverse accelera-
tion, resistance to diffraction over a finite propagation range, and self-healing behavior [1,2].
Since the ideal Airy solution carries infinite energy, experimentally realizable Airy beams
are usually implemented in a finite-energy form by introducing an exponential or Gaus-
sian type apodization [3,4]. Such beams have been studied in different optical contexts,
including beam shaping [5,6], particle manipulation [7,8], plasma guiding [9], nonlin-
ear optics [10,11], turbulent free-space optical propagation [12,13], and optical quasiparti-
cles [14-16].

In the conventional optical realization, a finite-energy Airy beam is generated by
imposing a cubic phase on an input beam [17] and then applying a Fourier-transforming
lens system. In this configuration, the Airy profile is already formed at the output plane
of the Fourier system [18] and then propagates as a pre-formed accelerating beam. This
generation mechanism is well established and provides the usual reference model for
finite-energy Airy beams.

Several compact or lensless Airy-beam generation schemes have also been reported,
but they address different optical configurations from the one considered here. Cottrell
et al. directly generated accelerating beams by encoding a 3/2 phase-only pattern on
an LCD, using a caustic-based phase design rather than a Gaussian-apodized real-space
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cubic phase [19]. Latychevskaia et al. studied compact transmissive SLM implementations,
including a numerical lens phase combined with a cubic phase, where the Airy beam is
produced at the focal plane of the numerical lens, and a separate method based on directly
loading an Airy-function transmission distribution onto the SLM [17]. Lu et al. combined
the cubic Airy phase with a phase-only Fresnel holographic lens, so that the holographic
lens implements the Fourier-transform operation while reducing the system length relative
to the conventional Fourier-lens arrangement [20]. Thus, these studies either replace the
physical Fourier lens by a numerical or Fresnel holographic lens, or use a different caustic
phase mask.

Against this background, we consider a different physical situation. Instead of using
a Fourier-transforming lens, the Gaussian-apodized cubic phase is placed directly in the
input plane and allowed to propagate in free space. The central question is whether this
direct Fresnel propagation can form an Airy-type field, and, if so, how this lensless field
differs from the conventional Fourier-transform Airy beam. Although both fields contain
Airy function structure, they are generated by different propagation mechanisms. Therefore,
they should not be assumed to have identical dynamics. From a practical point of view,
this configuration is attractive because it replaces the Fourier-transforming lens system
with direct Fresnel propagation from a real-space cubic-phase element. Therefore, it may
provide a simpler and more compact route for generating an Airy-type field at a prescribed
propagation plane.

The first objective of the paper is to derive the analytical expression for the lensless
Airy-type beam generated by direct propagation of a Gaussian-apodized real-space cubic
phase. The derivation shows that the field can indeed be written in terms of an Airy
function, but with an argument that differs from the conventional finite-energy Airy beam.
This difference leads to a different transverse evolution: the conventional Airy beam follows
the familiar parabolic displacement, whereas the lensless field undergoes a formation stage
before developing an Airy-like structure.

The second objective is to compare the free-space propagation dynamics of the two
fields, the conventional Airy beam and the lensless one. For this purpose, we analyze
the main-lobe trajectories, transverse profiles, two-dimensional intensity distributions,
and three-dimensional intensity isosurfaces. We also introduce characteristic propagation
distances that help interpret the formation of the lensless field. These quantities provide a
physical picture of when the caustic-forming part of the cubic phase becomes sufficiently
illuminated by the finite Gaussian aperture and when the dominant lensless Airy lobe
crosses the optical axis.

The final objective is to examine how the two fields behave in a turbulent propagation
channel. Atmospheric turbulence is an important limitation in free-space optical systems,
where random refractive index fluctuations lead to beam wander, spreading, and intensity
scintillation [21,22]. To make the comparison meaningful, the turbulent propagation is
evaluated at a free-space matched plane where the conventional and lensless fields have the
same normalized transverse intensity distribution in the absence of turbulence. This allows
differences in the scintillation behavior to be related not simply to different receiver-plane
beam shapes, but to the different complex field evolution of the two beams along the
propagation path.

The paper is organized as follows. Section 2 recalls the conventional finite-energy Airy
beam and derives the analytical expression for the lensless Airy-type field generated by
direct Fresnel propagation. Section 3 compares the free-space propagation dynamics of
the conventional and lensless fields. Section 4 describes the phase-screen model used for
atmospheric turbulence. Section 5 introduces the matched comparison plane and presents
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the pixel-by-pixel scintillation results together with power and coherent coupling. Section 6
discusses the physical interpretation, limitations, and possible future directions of the work.

2. Airy Beam Generated by Direct Propagation

Before introducing the lensless configuration considered in this work, it is useful to
briefly recall the conventional finite-energy Airy beam. In the paraxial approximation, the
scalar field envelope satisfies the normalized one-dimensional diffraction equation

al’b + 18271,0 0 (1)
9 T2z T
where s = x/x is the normalized transverse coordinate and { = z/ (kx3) is the normalized
propagation distance. The ideal Airy solution is non-spreading and accelerating, but
it carries infinite energy. Therefore, experimentally realizable Airy beams are usually
described by the exponentially apodized input field

P(s,0) = Ai(s) exp(as), a>0, )

where a4 is the finite-energy truncation parameter. The corresponding propagated field can
be written as

Y(s,0) = Ai(s - %2 +ia§) exp(as - €2) exp[i( 2€ + % - i)} (3)

The term s — {?/4 in the Airy-function argument determines the characteristic parabolic
transverse displacement of the beam. Thus, even after finite-energy truncation, the main
intensity structure follows an accelerating trajectory during propagation.

In the usual Fourier-transform realization, an Airy beam is obtained by imposing
a cubic phase on a Gaussian beam and then using a lens system to perform the Fourier
transformation. In contrast, here we consider a different physical situation. The cubic phase
is not Fourier-transformed by a lens. Instead, the field is allowed to propagate directly in
free space. The question is then whether the Fresnel propagation of such a real-space cubic
phase can form an Airy-type field, and how the resulting field differs from the conventional
Airy beam.

We start from the scalar Fresnel diffraction integral

E(x,y,2) AZ // X, y',0) eXp[ ik (x=x")?+ (y—y’)z)]dX’ dy’, (4)

where k = 271/A. As an input field, we choose a separable Gaussian-apodized real-space
cubic phase,

Eln0) g LELLOP ) (WP g

The parameter a plays the role of a finite-energy truncation parameter: after expansion, the
real part of (a +1ix/x)3/3 contains the Gaussian apodization term, while the imaginary
part contains the cubic phase contribution.

Experimentally, the lensless Airy-type beam can be approximated by illuminating a
phase-only optical element with a Gaussian beam. The Gaussian beam supplies the finite-
energy apodization, while a spatial light modulator, transmissive diffractive optical element,
or geometrical phase element imposes the required real-space cubic phase. Unlike conven-
tional Airy beam generation, this configuration does not require a Fourier-transforming
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lens after the cubic phase element. The Airy-type structure is instead formed by direct
Fresnel propagation, which may provide a simpler and more compact arrangement when
the desired intensity distribution is needed at a prescribed propagation plane.

We introduce dimensionless variables.

/ !
X X z
Sx = —, Ox = —, xr= > Sy =—, Oy = ~—, Cij- (6)

Because both the Fresnel kernel and the input field are separable in x and y, the propagated
field factorizes into two one-dimensional Fresnel integrals,

E(x,y,z) = elkz Ie(sx, Cx) Iy(sy/ gy) )

For compactness, the following derivation is written for one generic transverse coordinate
using s, 0, and (:

I(5,0) = i ”)2} exp[ (at 10)3} do. ®)

v ool ;

The x-dependent factor is s — sy, ¢ — 0y, and { — (y and the y-dependent factor has the
same form after the substitutions s — sy, ¢ — 0y, and { — (.

The integral in Equation (8) can be reduced to the standard Airy form by expanding
the exponent and collecting powers of ¢

. \3 N2 3 2
(a+310) G 2;) ‘LH% (—‘;3+p02+40>, ©)

where p = 1/(27) +ia and g = a?> — s/{. The quadratic term is removed by the shift
0 = u + p, which transforms the cubic polynomial as

3 3
—%—i—p(u—%p)z—i-q(u—i-p):—%—i—Su—l—D,

with § = p? + g and D = 2p3/3 + pq. Substituting this result into Equation (8), the field

becomes 33 5200 D
a’ /3 ,is</ (2 i 00 3
I(s,7) = % B exp[i(—”; + Suﬂdu. (10)

The remaining integral can be identified using the standard representation of the Airy

Ai(x) = % /_O:O exp[i(tg3 + xu)]du. (11)

In Equation (10), the cubic term has the opposite sign. This is removed by the change

function,

of variable u — —u, which leaves the integration limits unchanged and changes the
linear term from Su to —Su. Therefore, the remaining integral is equal to 27t Ai(—S), and
Equation (10) becomes

I(s,0) = \/\/?CT exp[a3 +122€ +1D} Ai(-S). (12)
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Introducing & = 1/(2¢) +iaand g = s/ —a%,onehas S = a> — Band D = 243 /3 —
«p. Therefore, the one-dimensional field generated by direct Fresnel propagation of the
real-space cubic phase can be written as

I(s,) = */\ij exp[”; + izz +i(2;‘3 - aﬁﬂAi(ﬁ - wz) (13)

where the Airy-function argument is
(14)

Equation (13) shows that a direct propagating cubic-phase input indeed produces
an Airy-type field. However, the Airy argument differs from that of the conventional
finite-energy Airy beam. In the conventional case, the transverse coordinate appears as
s — {?/4, whereas in the present lensless case it appears as s /{ — 1/(4¢?). This difference is
important: the field is not launched as an Airy beam at z = 0, but rather forms an Airy-type
structure through Fresnel propagation.

Finally, combining the two transverse directions gives the two-dimensional field
given by Equation (7). This result provides the analytical basis for comparing the lensless
Fresnel-zone Airy beam with the conventional Fourier-transform Airy beam.

3. Propagation Dynamics and Comparison with the Conventional
Airy Beam

The analytical expressions derived above allow the propagation of the lensless field
to be compared directly with the conventional finite-energy Airy beam. Although both
fields contain an Airy function, their propagation dynamics are fundamentally different. In
the conventional case, the Airy profile is already formed at the input plane. The field then
mainly translates along its accelerating trajectory while retaining its transverse structure
over a finite propagation range. In the lensless case, however, the input field is not an
Airy beam. It is a Gaussian-apodized cubic phase distribution, and the Airy-type structure
appears only after Fresnel propagation.

This difference can be seen directly from the Airy function arguments. For the con-
ventional finite-energy Airy beam, Equation (3) contains the argument s — ?/4 + iag.
Therefore, the real part of the Airy argument is shifted by {?/4, which gives the familiar
parabolic displacement of the beam. If 179 ~ —1.01879 denotes the position of the first
maximum of the Airy function, defined by Ai’(19) = 0, then the approximate trajectory of
the dominant conventional Airy lobe is

2
ACOIIV(SI C) =5— Z + ia@,
- (15)
Speak,conv(g) = Z =+ 17o.

For the lensless field, Equation (14) shows that the transverse coordinate enters the
Airy argument as s/, rather than simply as s. This gives a different propagation law. Using
the same Airy maximum 7y, the corresponding dominant-lobe trajectory is

Alensless (S, C) =-— =1
(16)

1
sPeak,lensless(C) = Q + 770;
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Equations (15) and (16) summarize the main analytical difference between the two
beams. The conventional Airy beam follows a parabolic trajectory proportional to {?. The
lensless Airy structure, in contrast, is governed by two competing terms: 1/(4¢), which
is large at short propagation distances, and #y{, which shifts the dominant lobe toward
negative s at larger distances. Thus, the lensless field does not behave as a conventional
Airy beam generated without a lens; it forms through Fresnel propagation and follows a
different transverse evolution.

It is useful to introduce two characteristic propagation distances for the lensless field.
The first one is an approximate formation distance. To see where it comes from, we can
look at the phase of the one-dimensional Fresnel integral in Equation (8). Neglecting the
slowly varying Gaussian amplitude, the relevant phase is
a  (s—0)?

+

®(0;s,0) = 3 20

(17)
The stationary-phase condition & /9o = 0 gives the ray relation s = ¢ — {¢>. The caustic
is formed where neighbouring stationary-phase contributions merge, i.e., where ds/do = 0,
or equivalently 9°®/dc? = 0. This gives the input-plane coordinate of the caustic-forming

contribution,
1

=3

Thus, o is not a propagation coordinate, but the transverse input coordinate from which

Oc (18)

the caustic-forming ray originates at a given propagation distance .
Because the input field is Gaussian-apodized by exp(—ac?), the illumination weight
of this caustic-forming point is approximately

We(C) = exp {—aaﬂ = exp [—422} . (19)

At small , the coordinate o; lies far in the weakly illuminated Gaussian tail, so the Airy
caustic is not yet strongly visible. As { increases, 0. moves closer to the illuminated part
of the input field and the Airy-like structure becomes more pronounced. We define the
normalized formation distance ¢norm by the condition W, = exp(—1), which gives

_Va
$norm = 7 (20)

This is not a sharp physical boundary, but rather a convenient estimate of the propaga-
tion distance at which the caustic-forming part of the cubic phase becomes appreciably
illuminated by the finite Gaussian aperture.

The second characteristic distance is the point at which the dominant Airy lobe
of the lensless field crosses the optical axis. Setting the lensless main-lobe trajectory

Speak,lensless (C,) =0, giVES
1

2y 70

This distance should not be interpreted as a geometrical focus. It is instead the axis-crossing

é axis — (21)

point of the dominant Airy lobe formed by Fresnel propagation of the Gaussian-apodized
cubic phase.

Figure 1 compares the normalized propagation maps of the conventional and lensless
beams. In the conventional case, the Airy structure is already present at the input plane
and follows the expected parabolic trajectory. In the lensless case, the field starts from a
Gaussian-apodized cubic phase and the Airy-like structure appears only after propagation.
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The analytical caustic and main-lobe trajectories are overlaid on the numerical intensity
maps. The agreement shows that the caustic-like reference path of the lensless Airy structure
is determined by the real part of the Airy argument in Equation (16). At small propagation
distances, however, the lensless field is still in a formation region, and the strongest intensity
maximum does not necessarily coincide perfectly with the asymptotic Airy-lobe estimate.

Conventional finite-energy Airy beam

Lensless Fresnel Airy field
1

1
- - Re(A) =0 i - - Re(A) =0
— Analytical max 0.9 ! — Analytical max 0.9
. 1 .
25 B Numerical max 25 N Numerical max
08 1 ——s5,=0 08
0.7 i == oo 0.7
2 2 ! -~ Saxis
o 06 ~ ] 0.6
= 1.5 05 % 15 1 105
Il Il '|
() 04 > \ 0.4
1
! 0.3 ! ! 0.3
\
0.2 \ 0.2
0.5 0.5
0.1 0.1
5 0 5 5 0 5

5= xlxg 5= xlxg

Figure 1. Normalized propagation maps of the conventional finite-energy Airy beam and the
lensless Fresnel Airy beam. The conventional beam is already formed at the input plane and follows
the familiar parabolic trajectory. The lensless field forms during propagation from a Gaussian-
apodized cubic phase. The dashed and solid curves indicate the analytical caustic-like and main-lobe
trajectories, respectively, while the dotted curve shows the numerically extracted intensity maximum.

The trajectory comparison is shown more explicitly in Figure 2. The conventional
beam follows the expected parabolic 1aw Speax conv ~ 7%/4 + 1. The lensless beam follows
a different 1aw speak lensless ~ 1/(48) + 770. This means that the lensless Airy lobe is not
simply an ordinary Airy beam generated without optical elements. Instead, it is a Fresnel-
formed Airy structure whose apparent acceleration is governed by a different scaling of
the Airy argument. The markers ¢norm and Caxis separate two useful parts of the lensless
propagation: the approximate onset of Airy structure formation and the later crossing of
the dominant lobe through the optical axis.

The difference between the two propagation mechanisms becomes clearer in the
transverse cross-sections shown in Figure 3. The profiles are plotted in the coordinate
sy = x/xg. Therefore, the transverse displacement, formation, and reshaping of the beams
can be observed directly. For the conventional beam, the Airy profile is present from the
beginning and mainly shifts along its propagation trajectory. In contrast, the lensless field
initially corresponds to the intensity of the Gaussian-apodized input field. As propagation
increases, an Airy-like asymmetric profile emerges, reaches the axis-crossing region near
Caxis, and then broadens further. This behavior reflects the fact that the coordinate in the
lensless Airy argument appears as s/, so the transverse scale of the structure changes
during propagation.

The same behavior can be observed in two transverse dimensions. Figure 4 shows
intensity snapshots in the (s, s,) plane. The conventional field preserves the familiar two-
dimensional Airy structure, which is displaced along the diagonal direction as propagation
increases. The lensless field, on the other hand, undergoes a visible formation process.
At shorter distances, the field is still strongly affected by the finite input aperture and
the Fresnel scaling. At later distances, an Airy-like structure is visible, but it is broader
and less propagation-invariant than the conventional Airy beam. This supports the in-
terpretation that the lensless field combines Airy-type caustic formation with ordinary
finite-aperture diffraction.
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—— Conv. analytic Lensless analytic
— = Conv. numeric — = Lensless numeric

Main-lobe trajectory comparison
T T T

6 - énorm ~ \/ 2 7
5+ Caxis —

Smax = Xmax/X0

3 | | | L
0 0.5 1 1.5 2 2.5 3

¢ =dkx})

Figure 2. Analytical and numerically extracted main-lobe trajectories. The conventional Airy beam
follows a parabolic trajectory, whereas the lensless Airy field follows the trajectory Speak lensless =
1/(4Q) + noC. The characteristic distances ¢norm and axis indicate the approximate formation distance
and the axis-crossing distance of the lensless main lobe.

Conventional Airy Lensless Airy

8!

€ = 4Suxis & = 48uxis
7t 1 7t 1
&= 25is &= 20is

6 |

6 3
BV VA b el
5 5
2t 12t 1
& = Enom/2 [
A ]

17 17

0 MM/\/\ =0
0 0 o

-15 -10 -5 0 5 -15 -10 -5 0 5
8= xlxg 5y = Xl

e aye
|

Jw]? (scaled)

ly? (scaled)

Figure 3. Transverse intensity profiles at selected normalized propagation distances: 0, ¢norm/2,
Cnorm, Caxis/ 2, Gaxiss 2Caxis, and 4Gaxis. The profiles are shown in the sy = x/x( and vertically shifted
for clarity. The conventional Airy beam is already formed at the input plane, while the lensless beam
evolves from a Gaussian-apodized cubic-phase input into an Airy-like structure during propagation.
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Conventional, & = 2&,i¢

Conventional, & = &

Conventional, & = & Conventional, & = &,;/2

Conventional, & = &,

Lensless, & = &,,/2

1 5 1 5
0.8 0.8
0 0
10.6 0.6
&5 &5
0.4 0.4
0.2 -10 0.2 -10
-15 -15
15 <10 5 0 5 -15
Sx

Figure 4. Two-dimensional transverse intensity snapshots of the conventional and lensless fields in

Lensless, & = &pom/2 Lensless, & = &y Lensless, & = 2£uxi

laboratory coordinates. The conventional Airy beam is already formed and mainly translates during
propagation. The lensless field forms through Fresnel propagation of the Gaussian-apodized cubic
phase and exhibits stronger transverse reshaping and broadening.

A complementary view of the same propagation dynamics is given by the three-
dimensional intensity isosurfaces in Figure 5. While the transverse snapshots in Figure 4
show selected propagation planes, the isosurface representation shows how the high- and
low-intensity regions are connected along the propagation coordinate. In the conventional
case, the Airy structure forms a continuous accelerating volume, indicating that the beam
is already established and mainly follows its trajectory during propagation. In the lensless
case, the intensity volume is more localized near the formation region and then expands,
showing that the field first develops an Airy-like structure and subsequently undergoes
stronger transverse broadening. Thus, the three-dimensional representation supports
the same interpretation as the transverse snapshots, but makes the propagation-induced
formation of the lensless field more visually explicit.

Finally, Figure 6 summarizes the two analytical quantities that help interpret the
formation of the lensless Airy field. The first one is the caustic illumination weight
W,(Z) = exp[—a/(4?)]. At very small propagation distances, the caustic-forming point
lies far out in the Gaussian-apodized tail of the input beam and is therefore weakly illu-
minated. As { increases, this point moves into the effective aperture and the Airy-like
structure becomes more visible. The second quantity is the magnitude of the imaginary part
of the lensless Airy argument, a/{. This term is large near the input plane and decreases
during propagation, meaning that the Airy argument becomes progressively closer to a
real Airy argument. Together, these two effects explain why the lensless Airy field is not
fully formed at z = 0, but appears after a finite propagation distance.

Overall, the comparison shows that the lensless Airy field should not be viewed as a
conventional Airy beam with the lens removed. The conventional beam is produced by a
Fourier-transform operation and is already an Airy beam at the beginning of propagation.
The lensless beam is produced by direct Fresnel propagation of a Gaussian-apodized
cubic phase. It therefore contains an Airy-type caustic, but this caustic forms during
propagation and is accompanied by transverse broadening due to the finite input aperture.
This distinction is important for free-space transmission, because turbulence interacts with
a field that may still be undergoing Airy-structure formation rather than with a fully formed
Airy beam.
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Conventional Airy Lensless Airy
3
My’ =0.50
lw]* =0.15
2

& = 7(kx3)
& = 7/(kxp)

Figure 5. Three -dimensional normalized intensity isosurfaces of the conventional finite-energy
Airy beam and the lensless Fresnel Airy beam. The isosurfaces correspond to normalized intensities
|2 = 0.50, 0.15, and 0.05. The conventional Airy beam preserves a continuous accelerating structure
over the plotted propagation interval, whereas the lensless field is concentrated near the formation

region and broadens more rapidly after propagation. The coordinates are shown in normalized units
sx = x/x, 5y =y/yo, and § = z/ (kx3).

— W, - —ar
Lensless Airy formation indicators
T T T T T T T T T 2.5
1
\ Enorm
0.9,
1 éuxis 2
0.8,
!
0.7 4
! 5
0.6 '
- 1 4
=050 S
! 1
0.4 \
\
0.3
0.2 N N 0.5
~ ~
0.1+ S~ 4
0 I I | —\-_—\____\__—__—__\_'_T‘_-
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Figure 6. Analytical indicators of lensless Airy-field formation. The caustic illumination weight
W, = exp[—a/(4{?)] increases as the caustic-forming region moves into the effective Gaussian
aperture. The imaginary part of the lensless Airy argument, 2/, decreases with propagation. The

distance {norm gives an approximate formation onset, while ¢,yjs marks the axis crossing of the
dominant Airy lobe.
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4. Turbulence Phase Screen Modeling

Atmospheric turbulence is commonly modeled using random phase screens that
reproduce the statistical properties of refractive index fluctuations. In this work, phase
screens are generated using the inverse spectral (Fourier) method, supplemented with
subharmonic components to improve low-frequency content [23,24].

The Fourier-based phase component ¢ggr(x, y) is obtained by filtering complex Gaus-
sian white noise in the spatial frequency domain according to the Kolmogorov phase power
spectral density (PSD), and transforming back to the spatial domain:

prrr(x,y) = FH{\Jop () W(E) }, 22)

where F~1{-} denotes the inverse Fourier transform, W(f) is a complex Gaussian random
field, and ®(f) is the Kolmogorov phase PSD given by

Dy () = 0.0229 7, /3|£| 71173, (23)

The Fried parameter g is used to set the strength of the phase fluctuations in the
generated phase screens. In the calculations, it is defined from the refractive-index structure
parameter C%, propagation distance z, and optical wavenumber k = 271/ A as

-3/5
ro = (o.423k2c5z) . (24)

The corresponding Rytov variance is used as a measure of turbulence strength and is
calculated as

2 7/6
0% = 1.23C> (;) 21176, (25)

Thus, both rg and ¢3 are determined directly from the selected values of C2, wavelength A,
and propagation distance z.

To compensate for the lack of low-frequency components inherent to finite grids,
additional subharmonic terms are introduced as a sum of plane waves:

psu(xy) = L Y aibnexp|izn (£ x+ £7y)], (26)

p mn

(p)

where the coefficients a;; ;, are random variables scaled according to the turbulence spec-
trum, and ( f,E” ), fy(p )) represent progressively lower spatial frequencies.

The final phase screen used in simulations is obtained as a superposition of the Fourier
component and the subharmonic contribution:

¢(x,y) = ¢rer(x, ¥) + psu(x,y). (27)

The statistical consistency of the generated phase screens is verified using the phase
structure function, defined as

Dy(r) = {[p(xo+1) = p(x0)] ), 8)
which, for Kolmogorov turbulence, follows the analytical form
r 5/3
Dg(r) = 6.88<r> . (29)
0
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Figure 7 shows an example phase screen realization and the corresponding structure
function comparison. The inclusion of low-frequency subharmonic components improves
the representation of large-scale phase distortions, which are responsible for effects such
as beam wander and large-angle wavefront tilt. These components are important because
beam displacement and pointing fluctuations can strongly affect the received intensity,
especially in finite-aperture optical links. Physically, the lowest spatial-frequency phase
terms can be interpreted as slowly varying phase ramps across the aperture, similar to
a weak blazed grating, which locally deflects the beam. It should be noted, however,
that the finite-grid spectral method is affected by spectral leakage and periodic boundary
assumptions; therefore, the regions close to the edges of the generated screen are less
reliable and are typically avoided in propagation calculations.

Example Phase Screen (7 subharmonics)

Structure Function vs Subharmonic Order, 7y = 0.031 m
0 T T T T T T T T
10 -
700 | |= = =Analytical : 6.88 (r/r)"* 4
——FFT only e
1 subharmonics ‘
5 600 - subha , 1
3 subharmonics ’
— 5 subharmonics e
E s 7 subharmonics 1
o 0 £ & subharmonics
g — =
=S 3 = |
EN 5 =
5 =
Q300 1
-10 4
-15 1
1 ‘ L ‘ I ;
0 2 4 6 8 10 12 14 16
z [m] Normalized Separation r/ry

Figure 7. Turbulence phase screen modeling. Left: example phase screen ¢(x,y) generated us-
ing the inverse spectral method with subharmonics. Right: phase structure function for different
subharmonic orders compared to the analytical Kolmogorov model.

For weak to moderate turbulence regimes, a single phase screen model is often suffi-
cient [25]. In this approximation, the entire turbulent path with constant refractive index
structure parameter C2 is represented by a single equivalent phase screen placed at the
midpoint of the propagation path. This approach provides an efficient and widely used
approximation for wave propagation through atmospheric turbulence.

5. Turbulent-Channel Comparison of Conventional and Lensless
Airy Fields

Before introducing the turbulent channel, it is useful to identify a propagation distance
at which the conventional and lensless Airy fields have the same transverse intensity
distribution in free space. This gives a natural reference plane for comparing their behavior
in turbulence. If the two beams are compared at an arbitrary distance, the observed
differences may simply originate from their different free-space evolution. In contrast,
comparison at a free-space matched plane allows the influence of turbulence to be isolated
more clearly.

The matching condition follows directly from the Airy arguments of the two fields.
For the conventional Airy beam, Equation (3) contains the argument s — {2 /4 + iag, while
for the lensless field Equation (14) contains s/{ — 1/ (4@'2) —1ia/{. At the normalized
propagation distance

Cmatch = 1, (30)

these two arguments reduce to

1 . 1 .
Aconv(s,1) =s— i +1a, Alensless(5,1) = s — i ia. (31)
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Thus, the two Airy arguments are complex conjugates. Since Ai(z*) = Ai(z)*, their moduli
are equal. At the same distance, the exponential apodization factors also have the same
transverse dependence, differing only by propagation-dependent constants. Therefore,
¢ = 1 represents a free-space matching plane at which the two beams have the same
transverse intensity profile up to normalization. For the two-dimensional separable field,
the same result holds when xg = yg and ax = ay, so that both transverse directions reach
¢ =1 at the same physical distance.
The corresponding physical propagation distance is

2
27'ch
A

Zmatch = kx% = (32)
This plane is selected as the receiver plane for the turbulent-channel comparison. In free
space, the two beams have identical normalized intensity distributions at this distance.
However, their complex fields and propagation histories are not identical. The lensless
field is formed through Fresnel propagation of a Gaussian-apodized cubic phase, whereas
the conventional Airy beam is already formed at the input plane. Therefore, turbulence
may affect the two beams differently even when their free-space receiver-plane intensities
are matched.

The turbulent propagation is evaluated using the phase-screen method. For each
beam, an ensemble of statistically independent turbulent realizations is generated, and the
received intensity at the matched plane is recorded. The local, pixel-by-pixel scintillation
index is then calculated as

, (33)

o - (P2~

(x,¥))

where (-) denotes ensemble averaging over turbulence realizations. This metric allows the
local sensitivity of the conventional and lensless Airy fields to turbulence to be compared
at a receiver plane where their free-space intensity distributions are otherwise the same.

For all turbulence simulations, the computational grid contained Ny = N, = 2048
samples. The physical transverse window was x € [—0.2,0.1] m and y € [-0.2,0.1] m. The
optical wavelength was A = 500 nm, the beam transverse scaling parameters were xp =
Yo = 3.5 mm, and the apodization parameters were a; = a, = 0.1. The turbulent-channel
comparison was performed at the matched propagation plane = 1, corresponding to z =
Zmatch = 1.54 x 103 m. For each Monte Carlo realization, a single statistically independent
phase screen was generated and placed at the midpoint of the propagation path, z =
Zmatch /2. The field was propagated over half of the path, multiplied by expli¢(x,y)], and
then propagated over the remaining half of the path to the receiver plane. The ensemble
statistics were calculated from 500 independent phase-screen realizations.

Figures 8-10 show the received long-term beam distributions together with the cor-
responding pixel-by-pixel scintillation-index maps for three turbulence strengths. In the

weakest case, C,% =10"15m2/3

, shown in Figure 8, both beams retain a compact long-term
distribution at the matched propagation plane. The scintillation-index maps show that the
lowest-fluctuation region is concentrated around the main received structure, while larger

values appear away from the high-intensity region.
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Figure 8. Turbulent propagation results for C2 = 10~ m~2/3 at the matched propagation plane
Z = Zmatch = kx%, using N = 500 independent phase-screen realizations. The top row shows the
long-term received beam distributions of the lensless and conventional Airy fields, while the bottom
row shows the corresponding pixel-by-pixel scintillation index. At the position of the long-term
beam maximum, the scintillation index is 3.9 x 10~% for the lensless field and 8.3 x 10~ for the

conventional Airy beam.
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Figure 9. Turbulent propagation results for C2 = 10~'* m~2/3 at the matched propagation plane
Z = Zmatch = kx%, using N = 500 independent phase-screen realizations. The top row shows the long-
term received beam distributions, and the bottom row shows the corresponding scintillation-index
maps. Compared with Figure 8, the low-scintillation region becomes smaller and the long-term beam
distributions become slightly more broadened. At the long-term beam maximum, the scintillation
index is 4.34 x 1073 for the lensless field and 9.17 x 1073 for the conventional Airy beam.
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Figure 10. Turbulent propagation results for C2 = 10713 m~2/3 at the matched propagation plane
Z = Zmatch = kx%, using N = 500 independent phase-screen realizations. The stronger turbulence
further reduces the low-scintillation region and produces more visible broadening of the long-term
beam distributions. At the long-term beam maximum, the scintillation index is 7.218 x 1072 for the
lensless field and 1.1757 x 10~ for the conventional Airy beam.

When the turbulence strength is increased to C2 = 10~# m~2/3, as shown in Figure 9,
the long-term beam distributions become slightly more spread, and the region of low
scintillation becomes smaller. This trend becomes more pronounced for C2 = 10713 m~2/3
in Figure 10, where the received distributions are broader and the scintillation-index maps
show higher values over a larger part of the observation plane.

At the position of the long-term beam maximum, the scintillation index increases
monotonically with C% for both beams. For the lensless field, the values are 3.9 x 1074,
4.34 x 1073, and 7.218 x 1072 for C2 = 1013, 10714, and 10713 m~2/3, respectively. For
the conventional Airy beam, the corresponding values are 8.3 x 1074, 9.17 x 1073, and
1.1757 x 10~L. Thus, for the parameters considered here, the two beams show differ-
ent scintillation levels even though they are compared at the free-space matched plane
Z = Zmatch- This confirms that matching the free-space receiver-plane intensity does not
fully determine the turbulent propagation response, since the conventional and lensless
fields have different complex-field evolutions before reaching the receiver plane.

Receiver-Aperture Power and Single-Mode Fiber Coupling

The scintillation index discussed above is a local intensity fluctuation metric. To
obtain a receiver-level comparison, we additionally calculated two quantities: the detector
power-in-bucket (PIB) and the single-mode-fiber (SMF) coupling efficiency. These metrics
represent different detection scenarios. The PIB describes the optical power collected by a
finite-area direct detector, whereas the SMF coupling efficiency describes coherent coupling
into a fundamental fiber mode.
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The detector power-in-bucket was calculated as the fraction of the received optical
power falling inside a circular receiver aperture,

Jag 1Ur(x,y)[? dx dy

PIB = ,
Jre 1Ur (x,y) 2 dx dy

(34)

where U, (x, y) is the complex optical field at the receiver plane and A denotes the circular
receiver aperture. This quantity depends only on the intensity distribution and therefore
does not account for the phase structure of the received field.

The SMF coupling efficiency was calculated using a coherent overlap integral between
the received optical field and the backpropagated fundamental mode of the fiber. Following
the usual free-space-to-fiber coupling approach [26], the fundamental fiber mode was
approximated by a Gaussian mode and propagated backward from the fiber facet to the
receiver aperture plane. The coupling efficiency was then evaluated as

2
[ g Ur (2, ) Ui (5, y) dx
S U Geo) 2 dy) (fy, U (x,y) P dxdy)

fISMF = (35)
(

where Uy, (x,y) is the backpropagated fiber mode at the receiver aperture plane. In con-
trast to the PIB, this metric is sensitive to both amplitude matching and phase matching.
Therefore, phase distortions, wavefront curvature, and spatial mismatch across the receiver
aperture can reduce the SMF coupling efficiency even when the aperture-collected power
remains high.

The backpropagated fiber mode was represented by the Gaussian profile U, (x,y) =
Cexp[—(x? +y?)/w?], where C is a normalization constant and wy, is the radius of the
backpropagated Gaussian mode at the receiver plane. The mode was truncated by the
circular receiver aperture before evaluating the overlap integral, so that only the collected
portion of the received optical field contributed to the fiber-coupling calculation.

The coupling geometry was specified by the parameter a, = mW,;,Dr/(2Af), where
Dy is the receiver aperture diameter, Wy, is the fiber mode radius at the fiber facet, A
is the optical wavelength, and f is the focal length of the coupling lens. The value
a. = 1.12 was used because it corresponds to the optimum coupling condition for a
coherent incident field [26]. The fiber parameters were chosen according to the Corning
RGB 400 specialty single-mode fiber, which is designed for visible wavelength operation.
At A = 500 nm, the mode-field diameter was taken as MFD = 3.2 pm, corresponding
to Wy, = 1.6 um. With Dg = 5 cm and a. = 1.12, the resulting coupling-lens focal
length is f = W,;,Dr/(2a.A) ~ 0.224 m. This choice ensures that the backpropagated
Gaussian fiber mode has the appropriate size at the receiver aperture for the selected
coupling geometry.

Figure 11 compares the PIB and SMF coupling efficiency as functions of the turbulence
strength C2. The PIB values of the conventional and lensless Airy beams are very similar
over the investigated turbulence range. For weak and moderate turbulence, the collected
power remains nearly constant, and a noticeable decrease appears only for stronger turbu-
lence. This indicates that, for the chosen receiver aperture, both beams deliver a comparable
amount of optical power to a finite-area direct detector.

The SMF coupling efficiency shows a different trend. The conventional Airy beam
gives higher coupling efficiency than the lensless Airy beam over the investigated range of
C2. This result demonstrates that similar collected power does not necessarily imply similar
coherent coupling into a single-mode fiber. The difference arises because the fiber-coupling
metric is sensitive to the complex field, not only to the intensity.
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Figure 11. Comparison of detector power-in-bucket (PIB) and single-mode-fiber (SMF) coupling
efficiency as a function of turbulence strength C2. The left plot shows that the aperture-collected PIB
values of the conventional and lensless Airy fields remain similar for weak and moderate turbulence
and decrease mainly under stronger turbulence. The right plot shows the SMF coupling efficiency,
which depends not only on collected power but also on the phase coherence and mode matching of
the received field with the fundamental fiber mode. Although the two beams have comparable PIB,
the conventional Airy beam provides higher SMF coupling efficiency than the lensless Airy beam
over the investigated turbulence range. Fiber used: Corning RGB 400 specialty optical fiber.

This behavior is illustrated in Figure 12. The main intensity lobes of both beams lie
inside the receiver aperture, which explains the similar PIB values. However, the phase
distributions across the aperture are different. The conventional Airy beam retains a more
regular phase structure, whereas the lensless Airy field exhibits stronger and more rapidly
varying phase modulation. This additional phase variation is associated with the Fresnel
formation of the lensless field from the Gaussian-apodized cubic phase. As a result, the
coherent overlap with the backpropagated Gaussian fiber mode is reduced, leading to
lower SMF coupling efficiency.

Conventional Airy Beam Phase Lensless Airy Beam Phase
0.05 5 " 0.05

E o E 0 E 0
> > >

-0.05
-0.05 0 0.05

x (m)

x (m)

Figure 12. Intensity and phase distributions of the Airy beams at the receiver plane. The left figure
shows the beam intensity profile together with the circular collection aperture, indicating that the
main Airy lobes are located within the aperture. The middle figure shows the phase distribution
of the conventional Airy beam, where the phase structure remains relatively organized across the
aperture. The right figure shows the phase distribution of the lensless Airy beam, exhibiting a more
distorted and rapidly varying phase pattern. These phase differences affect the spatial coherence of
the received field and therefore influence the single-mode fiber coupling efficiency.

When the PIB is considered, the conventional and lensless Airy beams perform sim-
ilarly for the chosen receiver aperture. When coherent SMF coupling is considered, the
conventional Airy beam performs better because its receiver-plane phase is more com-
patible with the fundamental fiber mode. Therefore, the relative performance of the two
beams depends on the receiver architecture and on whether the relevant metric is intensity
collection or coherent mode matching.
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6. Discussion

The results of this work show that a Gaussian-apodized cubic phase can generate
an Airy-type field by direct Fresnel propagation, without using a Fourier-transforming
lens. This lensless field should not be interpreted simply as a conventional Airy beam
with the lens removed. In the conventional case, the Airy profile is already formed at the
input plane, whereas in the lensless case the input field is a Gaussian-apodized cubic phase
and the Airy-type structure appears only after propagation. This distinction is reflected
analytically in the different Airy arguments and is observed numerically in the propagation
maps, transverse profiles, two-dimensional snapshots, and three-dimensional isosurfaces.

The free-space analysis shows that the two beams follow different transverse evolution
laws. The conventional Airy beam follows the familiar parabolic displacement, while the
lensless field is governed by the scaled coordinate s/ and therefore undergoes a formation
stage before developing a recognizable Airy-like structure. The characteristic distances
Cnorm and Gayis help interpret this process: the first gives an approximate formation onset
related to the illumination of the caustic-forming part of the cubic phase, while the second
marks the axis crossing of the dominant lensless Airy lobe. These quantities do not represent
sharp boundaries, but they provide useful markers for understanding the field evolution.

For the turbulence study, the comparison was made at the matched free-space plane
(Zmatch = kx3), where the conventional and lensless fields have the same normalized trans-
verse intensity distribution in the absence of turbulence. This choice reduces the possibility
that differences at the receiver are caused only by different free-space beam shapes. The
phase-screen simulations show that, as C% increases, the low-scintillation region becomes
smaller and the long-term beam distributions become broader. At the position of the long-term
beam maximum, the lensless field gives lower pixel-by-pixel scintillation-index values than
the conventional Airy beam for the three turbulence strengths considered here.

This result, however, should be interpreted with care because the pixel-by-pixel
scintillation index is a local metric. It does not directly determine the performance of a
finite-aperture or fiber-coupled receiver. For this reason, the comparison was extended to
the detector power-in-bucket and the single-mode-fiber coupling efficiency. The power-
in-bucket results show that the two beams provide comparable aperture-collected power
for the chosen receiver aperture. In contrast, the conventional Airy beam gives higher
single-mode-fiber coupling efficiency than the lensless field. This difference is attributed to
the more regular receiver-plane phase structure of the conventional Airy beam, whereas
the lensless field contains stronger phase variations associated with its Fresnel formation
from the Gaussian-apodized cubic phase.

Therefore, the relative performance of the two beams in turbulence is not universal,
but depends on the chosen evaluation metric and receiver configuration. The lensless field
performs better according to the local scintillation index at the beam maximum, the two
fields are similar in terms of aperture-collected power, and the conventional Airy beam is
favoured for coherent single-mode-fiber coupling. This shows that matching the free-space
intensity profile at the receiver plane is not sufficient to predict the practical turbulence
response; the phase structure and detection method must also be considered.

The present analysis is limited to the selected beam parameters, matched propaga-
tion plane, receiver aperture, fiber-coupling geometry, and single-phase-screen turbulence
model. Future work should examine how these conclusions change for other beam parame-
ters, propagation distances, receiver apertures, and distributed turbulence models.

https://doi.org/10.3390 / photonics13080704


https://doi.org/10.3390/photonics13080704

Photonics 2026, 13, 704 19 of 20

Author Contributions: Conceptualization, J.B. and S.O.; derivation, J.B.; software, J.B. and K.L,;
validation, J.B. and K.L.; formal analysis, ].B. and K.L.; investigation, ].B. and K.L.; writing—original
draft preparation, J.B.; writing—review and editing, K.L. and S.O.; visualization, J.B. and K.L,;
supervision, S.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Efremidis, N.K,; Chen, Z; Segev, M.; Christodoulides, D.N. Airy beams and accelerating waves: An overview of recent advances.
Optica 2019, 6, 686-701. [CrossRef]

2. Broky, J.; Siviloglou, G.A.; Dogariu, A.; Christodoulides, D.N. Self-healing properties of optical Airy beams. Opt. Express 2008,
16, 12880-12891. [CrossRef] [PubMed]

3.  Siviloglou, G.A.; Christodoulides, D.N. Accelerating finite energy Airy beams. Opt. Lett. 2007, 32, 979-981. [CrossRef] [PubMed]

4 Siviloglou, G.; Broky, J.; Dogariu, A.; Christodoulides, D. Ballistic dynamics of Airy beams. Opt. Lett. 2008, 33, 207-209. [CrossRef]
[PubMed]

5. Greenfield, E.; Segev, M.; Walasik, W.; Raz, O. Accelerating light beams along arbitrary convex trajectories. Phys. Rev. Lett. 2011,
106, 213902. [CrossRef] [PubMed]

6.  Froehly, L.; Courvoisier, F,; Mathis, A.; Jacquot, M.; Furfaro, L.; Giust, R.; Lacourt, P; Dudley, J. Arbitrary accelerating micron-scale
caustic beams in two and three dimensions. Opt. Express 2011, 19, 16455-16465. [CrossRef] [PubMed]

7.  Baumgartl, J.; Mazilu, M.; Dholakia, K. Optically mediated particle clearing using Airy wavepackets. Nat. Photonics 2008,
2, 675-678. [CrossRef]

8.  Zheng, Z.; Zhang, B.F; Chen, H.; Ding, J.; Wang, H.T. Optical trapping with focused Airy beams. Appl. Opt. 2010, 50, 43-49.
[CrossRef]

9.  Polynkin, P,; Kolesik, M.; Moloney, J.V.; Siviloglou, G.A.; Christodoulides, D.N. Curved plasma channel generation using
ultraintense Airy beams. Science 2009, 324, 229-232. [CrossRef] [PubMed]

10. Ellenbogen, T.; Voloch-Bloch, N.; Ganany-Padowicz, A.; Arie, A. Nonlinear generation and manipulation of Airy beams. Nat.
Photonics 2009, 3, 395-398. [CrossRef]

11.  Shen, M.; Gao, J.; Ge, L. Solitons shedding from Airy beams and bound states of breathing Airy solitons in nonlocal nonlinear
media. Sci. Rep. 2015, 5, 9814. [CrossRef] [PubMed]

12. Gu, Y,; Gbur, G. Scintillation of Airy beam arrays in atmospheric turbulence. Opt. Lett. 2010, 35, 3456-3458. [CrossRef] [PubMed]

13.  Nelson, W.; Palastro, J.; Davis, C.; Sprangle, P. Propagation of Bessel and Airy beams through atmospheric turbulence. J. Opt. Soc.
Am. A 2014, 31, 603-609. [CrossRef]

14. Wu, H,; Zhou, W.; Zhu, Z.; Shen, Y. Optical skyrmion lattices accelerating in a free-space mode. APL Photonics 2025, 10, 050804.
[CrossRef]

15. Berskys, J.; Orlov, S. Accelerating Airy beams with particle-like polarization topologies and free-space bimeronic lattices. Opt.
Lett. 2023, 48, 1168-1171. [CrossRef] [PubMed]

16. Berskys, J.; Slevas, P; Orlov, S. High-power ultrafast radially and azimuthally polarized accelerating Airy beams and their
particle-like lattice topologies. arXiv 2025, arXiv:2501.07480.

17.  Latychevskaia, T.; Schachtler, D.; Fink, H.W. Creating Airy beams employing a transmissive spatial light modulator. Appl. Opt.
2016, 55, 6095-6101. [CrossRef] [PubMed]

18. Suarez, R.A.; Gesualdi, M.R. Propagation of Airy beams with ballistic trajectory passing through the Fourier transformation
system. Optik 2020, 207, 163764. [CrossRef]

19. Cottrell, D.M.; Davis, ].A.; Hazard, T.M. Direct generation of accelerating Airy beams using a 3/2 phase-only pattern. Opt. Lett.
2009, 34, 2634-2636. [CrossRef] [PubMed]

20. Lu, Q. Gao,SJ.; Ni, Y.X.; Wu, ].B.; Qiao, Y.F. Generation of Airy beams using a phase-only Fresnel holographic lens. Optoelectron.
Lett. 2017, 13, 197-200. [CrossRef]

21. Andrews, L.C.; Phillips, R.L. Laser Beam Propagation Through Random Media: Second Edition; SPIE: Bellingham, WA, USA, 2005.

22.  Zhu, X.; Kahn, ].M. Free-space optical communication through atmospheric turbulence channels. IEEE Trans. Commun. 2002,
50, 1293-1300. [CrossRef]

23. Lane, R; Glindemann, A.; Dainty, J. Simulation of a Kolmogorov phase screen. Waves Random Media 1992, 2, 209. [CrossRef]

24. Schmidt, J.D. Numerical Simulation of Optical Wave Propagation with Examples in MATLAB; SPIE: Bellingham, WA, USA, 2010.

https://doi.org/10.3390 / photonics13080704


http://dx.doi.org/10.1364/optica.6.000686
http://dx.doi.org/10.1364/oe.16.012880
http://www.ncbi.nlm.nih.gov/pubmed/18711527
http://dx.doi.org/10.1364/ol.32.000979
http://www.ncbi.nlm.nih.gov/pubmed/17375174
http://dx.doi.org/10.1364/ol.33.000207
http://www.ncbi.nlm.nih.gov/pubmed/18246130
http://dx.doi.org/10.1103/physrevlett.106.213902
http://www.ncbi.nlm.nih.gov/pubmed/21699298
http://dx.doi.org/10.1364/oe.19.016455
http://www.ncbi.nlm.nih.gov/pubmed/21935010
http://dx.doi.org/10.1038/nphoton.2008.201
http://dx.doi.org/10.1364/ao.50.000043
http://dx.doi.org/10.1126/science.1169544
http://www.ncbi.nlm.nih.gov/pubmed/19359582
http://dx.doi.org/10.1038/nphoton.2009.95
http://dx.doi.org/10.1038/srep09814
http://www.ncbi.nlm.nih.gov/pubmed/25900878
http://dx.doi.org/10.1364/ol.35.003456
http://www.ncbi.nlm.nih.gov/pubmed/20967098
http://dx.doi.org/10.1364/josaa.31.000603
http://dx.doi.org/10.1063/5.0255824
http://dx.doi.org/10.1364/ol.483339
http://www.ncbi.nlm.nih.gov/pubmed/36857240
http://dx.doi.org/10.1364/ao.55.006095
http://www.ncbi.nlm.nih.gov/pubmed/27505393
http://dx.doi.org/10.1016/j.ijleo.2019.163764
http://dx.doi.org/10.1364/ol.34.002634
http://www.ncbi.nlm.nih.gov/pubmed/19724515
http://dx.doi.org/10.1007/s11801-017-7033-6
http://dx.doi.org/10.1109/tcomm.2002.800829
http://dx.doi.org/10.1088/0959-7174/2/3/003
https://doi.org/10.3390/photonics13080704

Photonics 2026, 13, 704 20 of 20

25. Peters, C.; Cocotos, V.; Forbes, A. Structured light in atmospheric turbulence—A guide to its digital implementation: Tutorial.
Adv. Opt. Photonics 2025, 17, 113-184. [CrossRef]

26. Dikmelik, Y.; Davidson, EM. Fiber-coupling efficiency for free-space optical communication through atmospheric turbulence.
Appl. Opt. 2005, 44, 4946-4952. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 / photonics13080704


http://dx.doi.org/10.1364/aop.538883
http://dx.doi.org/10.1364/ao.44.004946
http://www.ncbi.nlm.nih.gov/pubmed/16114533
https://doi.org/10.3390/photonics13080704

	Introduction
	Airy Beam Generated by Direct Propagation
	Propagation Dynamics and Comparison with the Conventional Airy Beam
	Turbulence Phase Screen Modeling
	Turbulent-Channel Comparison of Conventional and Lensless Airy Fields
	Discussion
	References

