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We numerically demonstrate that a recently discovered and experimentally realized class of partially coherent Airy beams
atop an incoherent background remains robust during propagation through a statistically homogeneous isotropic random
medium, such as the turbulent atmosphere. We show that these Airy beams on an incoherent background, which are propa-
gation-invariant in free space, can mitigate turbulence-induced intensity fluctuations under both weak and strong turbu-
lence conditions. We utilize a pseudo-modal decomposition to numerically model the intensity distribution of these beams,
with results that agree well with analytical predictions. Additionally, we show that, compared to their fully coherent counter-
parts, Airy beams on an incoherent background better preserve their spatial structure under turbulence, making them
promising candidates for modern optical communication through atmospheric turbulence.
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1. Introduction

The exploration of structured random light beams has been cen-
tral to optical coherence theory[1]. Such beams have attracted
much interest since Collett and Wolf predicted that they can
generate optical fields as directional as those produced by
lasers[2]. To date, however, most of the work on structured ran-
dom light has been focused on statistically uniform fields, pos-
sessing Schell-model correlations[3]. While Schell-model
correlated beams had initially held much promise for free space
optical communications[4–6], it has become clear lately that the
spatial correlation structure of their fields makes them vulner-
able to distortions caused by atmospheric turbulence in the
strong fluctuation regime, or over long propagation distances
in the turbulent atmosphere[7,8]. As is well documented[9,10]

the loss of a well-defined spatial intensity distribution of light
at the source is one of the most devastating effects of atmos-
pheric turbulence. One approach to alleviate the adverse effects
of turbulence on the spatial intensity distribution of the field of a
random beam propagating through atmospheric turbulence is to
structure the field correlations of the beam in the transverse
plane to be non-uniform. The first such beam model was

introduced and the source correlations were obtained in a closed
form in Ref. [11]. This theoretical work was followed by the
experimental realization of non-uniformly correlated beams
composed of two[12] and multiple uncorrelated modes[13], as
well as by further theoretical[14–18] and experimental[19–21] work
on structuring non-uniformly correlated beams. For compre-
hensive reviews of non-uniformly correlated beams and surface
electromagnetic waves, see Refs. [22,23].
Further, it has been demonstrated theoretically[14] and exper-

imentally[19,24] that propagation invariant random wave packets
in free space necessarily feature non-uniform correlations as
they manifest themselves as bumps/dips residing atop a
statistically uniform background. One of the most attractive fea-
tures of such diffraction-free beams is their capacity to remain
structurally stable on propagation through a statistically homo-
geneous isotropic random medium, such as the turbulent
atmosphere[7].
Recently, coherent diffraction-free Airy wave packets have

attracted much attention in both quantum mechanics[25] and
optics[26,27] due to their unique properties[28]. Airy beams on
incoherent background (ABIB) have also been discovered and
experimentally realized[29,30]. Specifically, we have shown
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elsewhere[29] how ABIB can be structured such that every ABIB
family member is represented by an Airy bump situated on a
Gaussian-correlated homogeneous background. As far as free-
space optical communications are concerned, an interesting
question then arises: is the spatial structure of ABIB robust
on propagation through the turbulent atmosphere, and if so,
how does the turbulence strength affect their degradation?
In this Letter, we show that Airy beams on incoherent back-

ground, which defy diffraction in free space, do manifest robust
behavior when propagating through any statistically homo-
geneous and isotropic random medium such as the turbulent
atmosphere. More precisely, our numerical simulations indicate
that, compared to a generic coherent Airy beam, ABIBs are
highly effective in suppressing the adverse effects of both weak
and strong turbulence. We employ pseudo-mode decomposi-
tion of the cross-spectral density of the beam to numerically gen-
erate the ABIB intensity distribution. Our numerical modeling
of the source is in good agreement with the analytical theory and
hence can be reliably used in subsequent numerical simulations
of ABIB propagation through turbulence. The self-healing
nature of ABIB sources in randommedia suggests their potential
for optical communications and information transfer through
the turbulent atmosphere.

2. Analytical Theory: A Review

Let us start by briefly reviewing how the Airy beam on an inco-
herent background source can be devised. We demonstrated
in Ref. [29] that an ABIB can be generated using a continuum
of plane wave modes with the amplitude A�k, r�. Each plane
wave contribution to the overall source intensity is weighed
with a non-negative Gaussian function p�k�. We can then re-
present the cross-spectral density of the two-dimensional (2D)
ABIB as[31]

W�r1, r2� =
Z

dkp�k�A� �k, r1�A�k, r2�, (1)
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The background coherence width, σcj, and the bump intensity
width, σIj, are introduced along the Cartesian coordinate axes
j = x, y. Additionally, r = �x, y� and k = �kx , ky� denote the 2D
position vector in the source plane and the corresponding wave-
vector in the reciprocal space, respectively.
Following the approach advanced in[29], we can express the

2D cross-spectral density of an Airy beam on an incoherent
background in dimensionless variables as
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Here, Wbg�R−� denotes the cross-spectral density of a sta-
tistically homogeneous background with Gaussian correlations
and Wbp�R�� represents an Airy bump atop the background.
We introduce dimensionless variables X± and Y± as the center-
of-mass and difference coordinates. Finally, the 2D ABIB
source intensity IA�R� =WA�R,R� is obtained from Eq. (4)
by setting R− = �X−,Y−� = �0, 0� and R� = �X�,Y�� = �X,Y�,
leading to
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where ξcj = �σcj=σIj�2 is a correlation parameter and P2D =
2π

������������
ξcxξcy

p
is the total power (in dimensionless units) of the

2D Airy bump relative to the background.
The pseudo-mode decomposition method is a reliable tech-

nique to numerically generate the 2D ABIB cross-spectral
density represented in the previous section. This approach
is particularly effective for the numerical and experimental
realization of structured random sources, as it significantly
reduces the problem’s dimensionality and computational
complexity.
Using this method, the evolution of the source cross-spectral

density is revealed through an appropriate superposition of
uncorrelated pseudo-modes. There are a number of alter-
native variants of the pseudo-mode decomposition that have
been proposed to date[32–36]. One common approach to discre-
tize the source cross-spectral density is to sample the non-
negative Gaussian weighted function p�kmn� and the modes
such that

W�r1, r2� =
X
m, n

p�kmn�A� �kmn, r1�A�kmn, r2�, (8)

where m and n are two integers that represent mode indices.
In the 2D representation of the cross-spectral density, kmn =
�kmx , kny� is defined as a discrete vector in the transverse plane.
Theoretically, reconstructing the ABIB source requires an
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infinite number of pseudo-modes. In practice, however, the
summation on the right-hand side of Eq. (8) can be truncated
to achieve any desired level of accuracy.

3. Results and Discussion

In this section, we first compare the numerical realization of the
ABIB source with exact analytical results to validate the former.
We then introduce a random phase screen (RPS) approach for
numerical simulation of ABIB propagation through a random
medium. Finally, we employ the RPS method to study the aver-
age intensity evolution of the ABIB during propagation through
the turbulent atmosphere and compare it with that of a generic
coherent Airy beam.

3.1. Comparison of numerically generated ABIBs with exact
analytics

To validate the numerical pseudo-mode representation dis-
cussed earlier, we compare the intensity profiles of the generated
ABIB source with the corresponding analytical expressions.
Figure 1 illustrates the results for different values of the corre-
lation parameter: 0.1 (left panels), 0.3 (middle panels), and
0.5 (right panels). The top row shows the analytically generated
2D intensity source profiles of ABIBs derived from Eq. (7), while
the middle row presents the numerical reconstructions of these

profiles based on the pseudo-mode representation in Eq. (8). To
enable quantitative comparison, corresponding 1D cross-sec-
tions are also generated, with theoretical and numerical results
shown as the solid and dashed curves, respectively. As shown,
the numerically reconstructed profiles exhibit excellent agree-
ment with analytical predictions, confirming the accuracy and
reliability of the pseudo-mode representation approach.
It is important to note that the number of pseudo-modes

needed for accurate ABIB source reconstruction depends on
the correlation parameter, with lower values significantly
increasing the required number of pseudo-modes and, conse-
quently, the computational cost. Therefore, the correlation
parameter must be carefully chosen to balance numerical accu-
racy and computational efficiency. For a faithful reconstruction
of the ABIB source in 2D simulations, we find that 2402, 1002,
and 642 pseudo-modes are required to accurately reproduce spa-
tial intensity distributions for correlation parameters of 0.1, 0.3,
and 0.5, respectively.

3.2. Random phase screen method

The random phase screen method is a well-established compu-
tational technique for modeling the transmission of electromag-
netic beams through an extended randommedium[37]. The RPS
approach amounts to modeling the extended random medium
as a series of thin phase screens placed along the transmission
path at equal intervals such that each screen is perpendicular
to the direction of beam propagation. We illustrate in Fig. 2
the schematics of the RPS method for optical beam propagation
through atmospheric turbulence. The propagation distance D is
divided into N segments of equal length such that d = D=N .
Within the RPS framework, the optical field evolution is

approximated as follows. The evolution of a beam in a random
medium is governed by the interplay of two factors: free-space
diffraction and atmospheric turbulence. The propagation region
is composed of turbulence-free subregions between adjacent
phase screens, where amplitude variations are primarily accu-
mulated due to diffraction over the entire propagation length.
At the same time, turbulence effects are accounted for as the
beam field is transmitted through a series of thin diffraction-free
phase screen regions, whereby phase fluctuations are mainly
accumulated due to the presence of random medium inhomo-
geneities. Thus, both the amplitude and phase of the beam expe-
rience distortions during the entire transmission process.

Fig. 1. (Top row) Theoretically generated 2D intensity source profiles of ABIBs
derived from Eq. (7). (Middle row) Numerically reconstructed 2D intensity
source profiles of ABIBs derived from Eq. (8). (Bottom row) Comparison of
the corresponding 1D cross-sections of the ABIB source profiles obtained ana-
lytically as solid curves and numerically as dashed curves. The correlation
parameter is set to 0.1 (left), 0.3 (middle), and 0.5 (right).

Fig. 2. Schematics of beam propagation through atmospheric turbulence.
RPS1–RPSN represent the first and last phase screens and N denotes the num-
ber of phase screens employed in the simulations.
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To numerically simulate beam propagation through the tur-
bulent atmosphere using the RPS method, we adopt the modi-
fied von Karman spectrum model[37] to describe the refractive
index fluctuations within the statistically homogeneous and iso-
tropic turbulent atmosphere. In this context, the power spec-
trum of the phase screen Φθ and the power spectrum of the
refractive index fluctuations Φn are related via Φθ = 2πdk2Φn.
It follows that the spectrum of the refractive index fluctuations
can be expressed as

Φn�κ� = 0.033C2
n
exp�−κ2=κ2m�
�κ2 � κ20�11=6

, 0 ≤ κ < ∞, (9)

where κm = 5.92=l0 and κ0 = 2π=L0. Here, l0 = 1mm is an inner
scale of the turbulence, L0 = 1m is an outer scale of the turbu-
lence, and C2

n is a structure constant describing the strength of
refractive index fluctuations induced by turbulence.
The remaining parameters for the ABIB source and random

medium are as follows. We fix the carrier wavelength at
λ = 632.8 nm. The correlation parameter is set to 0.3,
corresponding to a background coherence width of 16.4 mm
and an Airy bump intensity width of 30 mm. In the weak
turbulence regime, the structure constant is chosen as
C2
n = 1 × 10−17 m−2=3. The number of random phase screens

employed in the simulations is N = 6, and the distance between
adjacent screens is adopted to be d = 400m, extending the
propagation range up to 2000 m. Under strong turbulence
conditions, the structure constant is chosen as C2

n=
1 × 10−13 m−2=3. The simulations use N = 13 random phase
screens, with the distance between adjacent screens set to
d = 25m, allowing the propagation range to extend up to
300 m. The number of phase screens and the selected distance
between them are chosen to satisfy the Rytov coefficient
requirements[38].

3.3. Weak and strong turbulence simulations

In this section, we examine the average intensity evolution of
ABIBs under weak and strong turbulence conditions. For com-
parison, we consider a coherent Airy beam with a source-plane
field envelope given by U�x=x0, y=y0� = Ai�x=x0� exp�ax=x0�
Ai�y=y0� exp�ay=y0�, [26] where x and y are the coordinates in
the source plane and x0 and y0 are their corresponding trans-
verse scales. The cut-off length is denoted by a.
To ensure a fair comparison, the ABIB and the coherent Airy

beam sources must have identical widths of their main lobes and
roughly the same number of secondary lobes. For an ABIB with
the correlation parameter of 0.3, these conditions are satisfied by
setting x0 = y0 = 30mm and a = 0.15 for the coherent Airy
beam source. In Fig. 3, we explore the average intensity evolution
of both beams as they propagate in the weakly turbulent atmos-
phere. The results show that the average intensity profiles of
ABIBs remain nearly invariant over propagation distances of
up to 2000 m, demonstrating their remarkable resilience to
atmospheric turbulence and the ability to maintain their spatial
structure over fairly long distances as long as turbulence is

relatively weak (top panels). In contrast, the coherent Airy beam
loses most of its side lobes, retaining only a short tail, which indi-
cates significant degradation of its spatial structure due to tur-
bulence effects (bottom panels). This deterioration is expected to
intensify with the propagation distance, further diminishing the
distinct features of coherent Airy beams.
In Fig. 4, we present the average intensity profiles of an ABIB

and its coherent counterpart under strong turbulence condi-
tions. We can infer from the figure that the ABIB experiences
only slight degradation in its tail while preserving its main lobe,
thereby maintaining its structural integrity over propagation
distances of up to 300 m (top panels). In contrast, the coherent
Airy beam not only loses most of its oscillatory tail, just as it does
in the weakly turbulent regime, but also experiences noticeable
distortion of its main lobe due to deleterious effects of strong
turbulence (bottom panels).

Fig. 3. Average intensity distributions of the ABIB (top panels) and the coher-
ent Airy beam (bottom panels) propagating in a stretch of the weakly turbu-
lent atmosphere over the thickness set to 0 (left), 1200 m (middle), and 2000 m
(right). The structure constant is chosen as Cn

2 = 1 × 10−17 m−2/3.

Fig. 4. Average intensity distributions of the ABIB (top panels) and the coher-
ent Airy beam (bottom panels) propagating in the strongly turbulent atmos-
phere over the propagation distance set to 0 (left), 150 m (middle), and 300 m
(right). The structure constant is chosen as Cn

2 = 1 × 10−13 m−2/3.
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Although the coherent Airy beam is an accelerating beam, the
simulations in Figs. 3 and 4 do not show its acceleration. This is
because the effective acceleration length of the beam exceeds the
range of propagation distances considered here. This circum-
stance is due to the fact that we have adjusted the source plane
scale of the coherent Airy beam to match that of the ABIB lead-
ing to negligible acceleration effects over the computational win-
dow adopted in this work.

4. Conclusion

Wehave numerically demonstrated that Airy beams on incoher-
ent background maintain a robust average intensity profile and
outperform conventional coherent Airy beams in preserving
their well-defined spatial structure on propagation in the turbu-
lent atmosphere. We can attribute the robustness of ABIBs
against atmospheric turbulence to two key factors. First, the
ABIBs are composed of a multitude of uncorrelated modes with
random phases, making them insensitive to phase fluctuations
caused by atmospheric turbulence. Second, the Airy shape of
their main lobe does endow them with intrinsic self-healing
properties that have been experimentally demonstrated[30].
The structural stability of ABIBs in atmospheric turbulence
makes these beams attractive candidates for free-space optics,
information transfer, and imaging in random media.
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