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Chapter

The Propagation of Vortex Beams
in Random Mediums
Sekip Dalgac and Kholoud Elmabruk

Abstract

Vortex beams acquire increasing attention due to their unique properties. These
beams have an annular spatial profile with a dark spot at the center, the so-called
phase singularity. This singularity defines the helical phase structure which is
related to the topological charge value. Topological charge value allows vortex
beams to carry orbital angular momentum. The existence of orbital angular
momentum offers a large capacity and high dimensional information processing
which make vortex beams very attractive for free-space optical communications.
Besides that, these beams are well capable of reducing turbulence-induced scintil-
lation which leads to better system performance. This chapter introduces the
research conducted up to date either theoretically or experimentally regarding
vortex beam irradiance, scintillation, and other properties while propagating in
turbulent mediums.

Keywords: vortex beams, random medium, turbulence, scintillation, optical
communications

1. Introduction

Wave front dislocations, in other words, phase defects which consist of edge
dislocations, screw dislocations and mixed edge-screw dislocations are firstly
proposed by Nye and Berry as a new type of light field principle [1]. The screw
dislocation most prevalently known as front dislocation which presents a phase
singularity at the center of the beam with zero amplitude and indefinite phase. Also,
when both the real and imaginary parts of the wave function (ψ) equal zero the
phase singularity is observed. Due to the fact that light field possesses unique
properties such as phase singularly or dislocations, it paves the way for modern
optics which called singular optics. Optical vortices are the primary topic of the
singular optics [2]. Allen in 1992 realized that a beam of photons can hold singular-
ity with azimuthally phase structure ejlƟ and carry an orbital angular momentum
(OAM) where l is the topological charge and Ɵ is the azimuth angle [3]. Vortex
beams possess distinct optical properties compared to the other beam types since
they carry OAM. These beams have introduced a great diversity in a wide range of
applications namely optical manipulation, biomedical applications, micro-
fabrication, imaging, and micro-mechanics. Furthermore, they played an important
role in the new generation of optical communication where OAM is employed as a
new modulation technique in the optical communication systems [4, 5]. Such a
feature makes the beams carrying OAM a perfect solution for the increasing
demand of larger bandwidth and higher data rates in a diversity of applications such
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as 5G and 6G communication links, laser satellite communications, and remote
sensing. However, in these applications the propagation of the laser beam in a
random medium, which represents the channel of the system, degrades the
probability of error performance of the system [6–12].

Actually, the propagation of laser beams through a random medium is governed
fundamentally by three main phenomena namely absorption, scattering and
refractive-index fluctuations. While absorption, scattering, which are caused by
constituent gas and particles in the medium, resulted in the energy dissipation
[13, 14]. The refractive-index fluctuations named turbulence originate from the
temperature differences and cause intensity fluctuations (scintillation) that degrade
the probability of error performance of the wireless optical communication system.
In case that turbulence presence, the beams involve in extra beam spreading, beam
wander, and scintillation that greatly hamper the performance of the communica-
tion system. Consequently, understanding the effects of turbulent medium on the
propagating beam is an important issue for the researchers that paves the way
towards mitigating the limitations caused by turbulence [15, 16].

This chapter presents a detailed review of the conducted work up to date on the
propagation of vortex beams through random mediums. Accordingly, Section 2
starts with the representation of different types of vortex beams. Then, followed by
the theory of the propagation in a random medium in Section 3. Subsequently,
Section 4 discusses the atmospheric turbulence effect on the fully and partially
coherent vortex beams. In addition, it represents the scintillation properties of
vortex beams. In Section 5, we evaluate coherent and partially coherent vortex
beam properties in oceanic turbulence. Furthermore, it covers the scintillation
effects on the vortex beams propagating oceanic turbulence medium. Finally,
Section 6 sums up the chapter by concluding the advantages that vortex beams
offer for optical communication systems through the degradation of turbulence
effects.

2. Representations of vortex beams

In this part of the chapter, expressions of different vortex beams are given at
the source plane on the fundamental coordinate systems, neither Cartesian sx, sy

� �

or radial s,φð Þ [17, 18]. Firstly, the source field expression of Gaussian vortex
beam is;

E s,φð Þ ¼ s
αs

� �l

exp � s2

αs2

� �

exp jlφð Þ (1)

where αs, and l represent the source size and topological charge respectively.
Besides that, the source field expression of elliptical Gaussian vortex beam [19]

can be written with the Cartesian coordinate as follows;

E sx, sy
� �

¼ sx þ jεssy
αs

� �l

exp � sx2 þ εs
2sy2

αs

� �

exp jl tan �1 εssy
sx

� �� �

(2)

εs is the degree of ellipticity. Another widely investigated beam type is the
Laguerre Gaussian vortex beam which can be expressed as [20, 21];

E s,φð Þ ¼ s
αs

� �l

exp � s2

αs2

� �

Ln
m s2

αs2

� �

exp jlφð Þ (3)
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Ln
m is the Laguerre polynomial, with a polynomial degree of n. If n>0, Bessel

function Jn
m with orders can also generate vortex beams [22]. Thus, Bessel–

Gaussian vortex beam can be written as;

E s,φð Þ ¼ exp � s2

αs2

� �

Jm
s
αs

� �

exp jlφð Þ (4)

Jm is the Bessel function order with m. Finally, Flat topped Gaussian vortex
beam expressed with the related source field expression [23] as given;

E sx, sy
� �

¼ 1

N
sx þ jsy

αs

� �m XN

n¼1

�1ð Þn�1 Nnð Þ exp �n
sx2 þ sy2

αs2

� �

(5)

N indicates the order of flat-topped Gaussian vortex beam. Moreover, Hermite–
Gaussian vortex beam can be written as the superposition of two orthogonally
polarized components under paraxial approximation [24]. The equation of
Hermite–Gaussian vortex beam can be written as;

E sx, sy
� �

¼ exp � sx2 þ sy2

αs2

� �

Hnx
sx
αs

� �

Hny
sy
αs

� �

sx
!þHmx

sx
αs

� �

Hmy
sy
αs

� �

sy
!

� �

(6)

where the orders of the Hermite polynomials such as nx, ny,mx,my in
HnxðÞ, HnyðÞ, HmxðÞ, HmyðÞ can be introduced as odd integers to create the desired

zero on-axis field amplitude, this way such combinations can be regarded as vortex
beams.

The optical field of the sinh-Gaussian vortex beam in the source plane can be
specified as given in [25];

E s,!0
� �

¼ sinh Ω x0 þ y0
� �� 	

exp � x02 þ y0
2

w0
2

� �

x0 þ j sgn lð Þy0
� 	 lj j

(7)

s
!
is the position vector, Ω denote the constant parameter of the hyperbolic

sinusoidal part, where sgn lð Þ can be introduced as a symbolic function.
In addition to coherent vortex beams, there exist various important types of

partially coherent vortex beams in the literature. The cross spectral density (CSD)
of partially coherent beams in the source plane can be expressed by the following
general form [17];

W s1, s2ð Þ ¼ E s1ð ÞE
∗

s2ð Þ

�

¼ A s1ð ÞA s2ð Þ exp jl φ1 � φ2ð Þ½ �g s1 � s2ð Þ (8)

Es and As are electric field and its amplitude, respectively. The angular bracket
and the asterisk denote ensemble average and complex conjugate. s1 and s2 are the
two arbitrary points in the source plane, g s1 � s2ð Þ is the correlation function
between two arbitrary points. As the amplitude (As) of the beam changes, different
kind of partially coherent beams are obtainable. The correlation function for the
Gaussian distribution is [26];

g s1 � s2ð Þ ¼ exp � s1 � s2ð Þ
2δ0

2

� �

(9)

That δ0 indicates initial coherence width. In case of δ0 ! ∞, Eq. (9) tends to a
fully coherent vortex beam, However, when δ0 ! 0, Eq. (9) reduces to an
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incoherent vortex beam. On the other hand the CSD function of Gaussian Schell-
model (GSM) vortex beam in the source plane is written as [27];

E s1, s2,φ1,φ2ð Þ ¼ exp � s12 þ s22

4σ02
� s12 þ s2 � 2s1s2 cos φ1 � φ2ð Þ

2δ0
2 þ jl φ1 � φ2ð Þ

� �

(10)

Where σ0 indicates transverse beam width. Furthermore, the CSD of the par-
tially coherent LG beam in the source plane is obtained as [28];

E s1, s2,φ1,φ2ð Þ ¼
ffiffiffi

2
p

s1
ω0

� �m ffiffiffi

2
p

s2
ω0

� �m

Ln
m 2s12

ω0
2

� �

Lp
m 2s22

ω0
2

� �

exp � s12 þ s22

4ω0
2

� �

� exp � s12 þ s22 � 2s1s2 cos φ1 � φ2ð Þ
2δ0

2

� �

exp jl φ1 � φ2ð Þ½ � (11)

Ln
m is Laguerre polynomial with mode orders n and m. In the case that n ¼ 0,

Eq. (11) becomes a partially coherent LG0l beam. However, having the both mode
ordersn and m set to zero, the beam turns to the well-known GSM beam. Further-
more, Laguerre Gaussian correlated Schell-model vortex (LGCSMV) beam in the
source plane as special kind of the correlated partially coherent vortex beams, can
be expressed as [29].

E s1, s2ð Þ ¼ exp � s12 þ s22

4σ02
� s1 � s2ð Þ2

2δ0
2

" #

Ln
0 s1 � s2ð Þ2

2δ0
2 exp jl θ1 � θ2ð Þ½ � (12)

3. Theoretical background of beam propagation
through random medium

In this part of the chapter, atmospheric and oceanic turbulence phenomena that
influence the optical laser beam propagation are explained. Also, the theoretical
background regarding the laser beam propagation is provided.

3.1 Atmospheric turbulence

Atmosphere is a medium that surrounds the Earth which mainly consists of
gaseous such as nitrogen, oxygen, water vapor, carbon dioxide, methane, nitrous
oxide, and ozone. As the beam propagates through atmospheric medium, the
change of atmosphere temperature and wind velocity results in variation of the
atmosphere’s refractive index. These changes simply called atmospheric turbulence.
Atmospheric turbulence is a non-linear process that is governed by Navier–Stokes
equations. Since solving such kind of equations is challenging, the statistical
approaches are developed. One of the widely used approaches is Kolmogrov power
spectrum model that is given below [30];

Φn kð Þ ¼ 0:033C2
nκ

�11=3; 1=L0
≪ κ≪ 1=l0 (13)

Cn
2 indicates the refractive index structure and κ ¼ Κj j is the scalar wave

number. Kolmogrov power spectrum does ignore the effects of the inner (l0) and
outer scales (L0) of the turbulence since outer scale is infinity and the inner scale is
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so small. However, more elaborated power spectrums are suggested by Tatarski and
Von-Karman. Tatarski power spectrum is defined as [31];

Φn kð Þ ¼ 0:033C2
nκ

�11=3 exp � κ2

κ2m

� �

; κ≫ 1=L0
(14)

where κm ¼ 5:92=l0. If the limit 1=L0 ! 0 L0 ! ∞ð Þ then this spectrum has a
singularity at κ ¼ 0.If the inner and outer scales of the turbulence are considered,
Von-Karman spectrum can be defined to model the turbulence as follows [32];

Φn κð Þ ¼ 0:033C2
nκ

�11=3 exp �κ2=κ2m
� �

κ2 þ κ20
� �11=6

; 0≤ κ<∞ (15)

3.2 Oceanic turbulence

As it is stated above, optical turbulence refers to the index of refraction fluctu-
ations, which is one of the most significant features of optical wave propagation.
Depending on the medium type, external and internal effect, there are some dis-
tinctions among the index of refraction fluctuations. For instance, while tempera-
ture fluctuation is fundamental reason for atmospheric turbulence, refraction index
variation in seawater is caused by not only temperature fluctuations but also fluc-
tuations of salinity. For that reason, power spectrum of ocean that considers both
temperature and salinity fluctuations was firstly proposed in 2000 [33]. Power
spectrum of oceanic turbulence is given for homogeneous and isotropic underwater
media as follows;

Φn κð Þ ¼ 0:388

� 10�8ε�11=3 þ2:35 κƞð Þ2=3
h i χT

ς2
ς2 exp �ATδð Þ þ exp �ASδð Þ � 2ςexp �ATSδð Þ
� 	

(16)

ε is the rate of dissipation for turbulent kinetic energy per unit mass of fluid, χT
is the rate of dissipation of mean square temperature. AT ¼ 1:863� 10�2, ATS ¼
9:41� 10�3δ = 8.284 κƞð Þ4=3+12.987 κƞð Þ2. ς is the relative strength of temperature
and salinity fluctuations, and finally, ƞ represents the Kolmogrov inner scale.

3.3 Turbulence Modeling

The behavior of optical beams propagating in random medium can be
understood by characterizing the medium qualitatively and quantitatively.
Huygens–Fresnel principle is one of the most important modeling types to
characterize beam propagation in turbulent medium [34]. The average intensity
distribution at the observation plane can be expressed via Huygens–Fresnel
principle as Eq. (17);

I R,
!

L
� �ED

¼ k2

2πLð Þ2
ðð

E0 r
!
1, 0

� �

E0
∗ r

!
2, 0

� �

� exp
ik

2L
R� r

!
1

� �2
� R� r

!
2

� �2
� �� �

� exp ψ R, r
!
1

� �

þ ψ ∗ R, r
!
2

� �h iE

d r
!
1

D

d r
!
2 (17)

5

The Propagation of Vortex Beams in Random Mediums
DOI: http://dx.doi.org/10.5772/intechopen.101061



R
!

denotes the position vector at the observation plane, r
!
1 and r

!
2 represent the

position vectors at the source plane, k is the wave number, the asterisk denotes the
complex conjugation, the < > indicates the ensemble average over the medium
statistics covering the log-amplitude and phase fluctuations due to the turbulent

atmosphere, ψ R, r
!
1

� �

is the random part complex phase of a spherical wave.

Moreover, Rytov approximation is another type of turbulence modeling for weak
atmospheric turbulence [35]. The beam at the receiver plane can be written in terms
of Rytov approximation as given Eq. (18);

E ρ, zð Þ ¼ � i

λz
exp ikzð Þ

ð2π

0

ðþ∞

0
E r, θð Þ exp ik

2z
ρ� rð Þ2

� �

exp ψ r, ρ, zð Þ½ �r dr dθ

(18)

ψ r, ρ, zð Þ denotes the random part due to the turbulence and ρ is the position
vector. Furthermore, Random Phase Screen method can be employed to modeling
turbulence [36]. It is described by the spatial spectrum of phase fluctuations. The
spectrum of random phase can be expressed as;

Φ qx, qy, qz

� �

¼ 2πk∆z Φ qx, qy

� �

(19)

4. Coherent vortex beams in turbulent media

Fluctuation of electric field between two or more points can be considered as
coherence of the light beams. The effect of coherence parameters is analyzed by
different research groups [37, 38]. The term of coherent vortex beam firstly was
revealed by Coullet in 1989, then Allen found that vortex beams can carry OAM
[39, 40]. Since the first exploration of the vortex beams, many studies utilized in
numerous fields such as quantum information [41], optical processing [42], optical
manipulation [43] and optical communication systems [44]. Thus, the propagation
of fully coherent vortex beams in turbulent medium has been investigated inten-
sively in the literature.

4.1 Atmospheric turbulence

Despite the great advantages of free-space optical communication (FSO) sys-
tems, the propagation of the laser beam in atmosphere limits the performance of
these systems. Mitigating these effects can be achieved through understanding the
behavior of the propagating beam under different atmosphere circumstances.
Accordingly, the literature has significant investigations on this topic. Recently,
vortex beams have become one of the beam types under concentration. Considering
Laguerre Gaussian (LG) vortex beams, it is proved that, as the topological charge
increases, LG beam undergoes less broadening as given Figure 1a. Also, it is
obtained that LG vortex beam is less affected by the turbulence than Gaussian beam
as a result of the numerical analysis in [17, 18]. Thus, Gaussian beam suffers from
more broadening than LG vortex beam. Moreover, Algebraic sum of the topological
charges of LG beam is determined. Accordingly, the phase singularities existing in
test aperture is approximately equal to the topological charge of the input LG vortex
beam [48]. Fiber coupling of LG vortex beam in turbulent atmosphere is investi-
gated by a theoretical model. LG beam that have small OAM number, low radial
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index and long wavelength gives higher coupling efficiency [49]. Mode probability
density (MPD) of LG beam propagating in atmospheric turbulence is analyzed.
MPD of LG vortex beam decreases while the distance increases as given Figure 1b.
Additionally, MPD is increases by lower radial and waist radius, lower refractive
index constant and shorter propagation distance [45]. The propagation properties of
synthesized vortex beams compared with LG beams in free-space and in atmo-
sphere is explored numerically. Propagation properties of LG beam shows the same
characteristics with those of the synthesized vortex beams [50]. Furthermore, spiral
spectrum of LG vortex beam and Anomalous vortex beam (AVB) is studied in
details. It is achieved that; effects of atmospheric turbulence on LG vortex beam are
more than those on Anomalous vortex beams as illustrated Figure 1c. Also, the
spiral spectrum of the AVB is less affected by the turbulent atmosphere compared
with LG vortex beam, in the case that AVB has larger beam order, longer wave-
length, smaller topological charge, and at smaller refractive index structure con-
stant, also propagating shorter distances [46]. Different kinds of vortex beams,
including LG vortex beam and Bessel vortex beam were analyzed under the same
turbulence conditions as given Figure 1d. Bessel vortex beams are more affected by
the turbulence than LG vortex beams under the same circumstances [47]. It was
experimentally demonstrated that, LG vortex beam exhibit enhanced backscatter
(EBS) when only having even topological charge and LG beam may convert into
corresponding Hermite Gaussian (HG) mode [51].

Figure 1.
Influence of (a) topological charge and (b) mode probability density (MPD) and crosstalk probability density
of low-order LG beams for the various propagation distance for angular mode = 1. (c) the capacity of wireless
optical links using AV beams versus LG beams, and (d) effect of turbulence on the intensity and phase
distributions of Bessel vortex beams versus LG vortex beams [17, 45–47].
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In addition researchers have analyzed Bessel Vortex Beams (BVB) in atmo-
spheric turbulence. The degree of coherence of Bessel vortex beam decreases much
faster under higher levels of fluctuation in the atmosphere [52]. The mean intensity
of BVB versus dimensionless parameter ξð ) is given Figure 2a. It is obvious from
the figure that increasing the topological charge results in decreasing the mean
intensity of BVB [22]. Also, Bessel-Gaussian Vortex beams (BGV) have been stud-
ied numerically and experimentally, where it is observed that the OAM mean value
does not show any variation during the propagation in atmospheric turbulence [56].
The mean intensity of BGV beams possessing phase singularities versus wavelength
is given Figure 2b. It is clear that the central hole and the dark ring of the beams are
gradually filled with the decrease of wavelength. Also, mean intensity of BGV beam
decreases faster as the beam operating at a shorter wavelength or having either a
narrower beam width, or a smaller topological charge [53]. Finally, a comparison
between LG beam and BGV beam is conducted in terms of transmission quality and
stability. According to the study given in [57], transmission quality and stability of
BGV beam were observed to be better than those of the LG beams. Gaussian Vortex
(GV) beam is another beam type that investigated frequently by the researchers.

Figure 2.
(a) The average intensity of vortex Bessel beam versus dimensionless parameter and (b) BesselGaussian
vortex beam with different wavelength, (c) illustration of the radius of a ring dislocation of vortex beam as a
function of structure constant, and (d) beam order effect on the intensity distributions for four petal GV beam
[22, 53–55].
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GV beam enables us to calculate atmospheric turbulence strength by measuring
radius of ring dislocations with different beam width as given Figure 2c [54]. Four
Petal GV beam possessing high beam order undergoes transformation into more
petals in the far field as achieved in Figure 2d [55].

The laser wavelength effect on the annular vortex beam is investigated when
propagating in atmospheric turbulence [58]. It is observed that, operating at higher
wavelengths causes lowering the central relative intensity and the central dark
hollow is more achievable as stated in Figure 3a. Furthermore, beam width of a
collimated vortex beam increases with the decrease of the wavelength [61]. Ellipti-
cally polarized (EP) vortex beams in turbulent atmosphere evolve into a Gaussian
beam shape when the propagation distance is long enough and also flat-topped
profile is obtained at a longer propagation distance as the topological charge
increases [62]. Initial dark hollow profile of flat-topped vortex hollow beams
remains the same in the short propagation distance then the beam evolves into a
Gaussian-like beam under the strong turbulence [44]. Rectangular vortex beam
array with arbitrary topological charge through atmospheric turbulence is analyzed
and the obtained results clarify that beam array transform into a fan structure under
moderate turbulence after propagating 1000 m, then turns to a single vortex beam
after propagating 5000 m as given in Figure 3b and c. [59]. Also, optical vortex
beams with higher topological charge are able to propagate longer distances in weak
turbulent atmosphere. However, when the particular distance exceeds 500 km the
output beam finally loses the vortex property and gradually becomes a Gaussian-
shaped beam as illustrated in Figure 3d [60].

Figure 3.
(a) Average intensity of annular vortex beam with different beam wavelengths and rectangular vortex beam
when distance (b) 1000 m and (c) 5000 m and optical vortex beam with distance of 500 km [58–60].
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Furthermore, the influence of topological charge, wavelength, zenith, receiver
aperture, waist radius, radial index and inner scale on spiral spectrum is investi-
gated on the LG vortex beam propagating in slant atmospheric medium. It is
achieved that, when propagation distance, topological charge, zenith and
receive aperture increases, the spiral spectrum becomes wider. However, with
the increase of wavelength and turbulence inner scale, the spiral spectrum spread
less [63].

4.2 Scintillation properties

Optical wave propagating through a random medium such as the atmosphere,
ocean and tissue etc. encounters fluctuations of beam intensity during the short and
long propagation paths. This mechanism briefly explained by the scintillation of
medium. Scintillation is caused by the external effect which is temperature varia-
tions in the random medium, resulting in index-of-refraction fluctuations (i.e.,
optical turbulence). Theoretical and experimental studies of scintillation have
become more important nowadays since optical communication system adopts
many types of beams. Accordingly, the scintillation index of LG beams is investi-
gated in [17, 64]. The scintillation index of LG beam having different topological
charges is demonstrated in Figure 4a. It is shown that, as propagation distance
increases scintillation index increases as well. Also, it is obvious that the scintillation

Figure 4.
Scintillation index of (a) LG beam with different beam orders (b) vector versus scalar vortex beams (c) LG
vortex against Gaussian beam, (d) single and double vortex beam [21, 64–66].
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of non-vortex beams is higher than that of the vortex beams since having a higher
topological charge results in lower scintillation levels [64]. Also, it is obtained that,
Gaussian beams are much more affected by the scintillation than LG vortex beams
[17]. Additionally, the scintillation properties of vectorel and scalar vortex beam are
analyzed both numerically and experimentally as shown in Figure 4b. This study
realized that vectorel vortex beam provides an advantage over the scalar vortex
beam since it has lower scintillation index for long propagation distances [21].
Furthermore, scintillation performance of various vortex beams (flat-topped
Gaussian vortex, elliptical Gaussian vortex beam, Gaussian vortex beam) in strong
turbulence region is investigated in [67]. It is achieved that, higher topological
charges uniformly leading to lower scintillation [67]. The scintillation performance
of Sinh Gaussian (SH-G) vortex beam has derived and investigated in [68]. This
study has discovered that scintillation index of SH-G beam is higher than that of
SH-G vortex beam under the same propagation circumstances. Comparison
between Gauss and LG vortex beam in terms of scintillation index with different
radius of targets is given in Figure 4c. The scintillation indices of the two beams
decrease while weak turbulence effect exists. However, in case of strong turbulence,
the scintillation indices increase. Moreover, the scintillation indices of Gaussian
beam are higher than those of LG vortex beams [65]. Finally, Figure 4d shows the
scintillation indices of single (beam 1 and beam 2) and double vortex beam (beam 3
and beam 4). All the beams have a similar scintillation levels at short propagation
distance. On the other hand, the scintillation indices of the single vortex beams
increase gradually at longer propagation distance [66]. Flat-topped Gaussian
vortex beam propagating in a weakly turbulent atmosphere is investigated and
scintillation properties are observed. It is found that flat-topped Gaussian vortex
beam with high topological charges has less scintillation than the fundamental
Gaussian beam [69].

4.3 Oceanic turbulence

Underwater Optical communication has attracted much attention due to its
ability to provide the required large capacity and high-speed communication.
Accordingly, many scientific research and exploration regarding the underwater
environment are on progress. Among these, studying the propagation of laser
beams under the effect of oceanic parameters namely spatial correlation length (σ),
dissipation rate of temperature (χt), kinetic energy per unit mass of fluid (ε),
relative strength of temperature, salinity fluctuations (ζ) and wavelength (λ). In
this context, the detection probability characteristics of a Hyper geometric-
Gaussian (HyGG) vortex beam propagating in oceanic turbulence are analyzed with
different wavelengths as in Figure 5a. Beams operating at higher wavelengths have
higher detection probability [70]. Further, HyGG beam with smaller topological
charge is more resistant to oceanic turbulence. Furthermore, detection probability
of Hermite Gaussian vortex beam tends to increase by the increase of ε [74].
Scintillation index of Gaussian vortex beam in oceanic turbulence is investigated for
different waist widths as given in [75]. Besides that, Flat-topped vortex hollow
beam is analyzed, where it recognized that this beam keeps its original intensity
pattern in short propagation distances. Yet, it evolves into Gaussian like beam in
far-field. Also, flat-topped vortex beam transforms into a Gaussian beam with
decreasing of σ, ζ and ε as well as increasing of χt [76]. As given in Figure 5b, the
detection ratio of Airy vortex beam is higher than that of LG beam when topological
charge is higher than 5. Otherwise, it is the opposite when the topological charge is
less than or equal 4. Likewise, the interference of Airy vortex beam becomes
stronger when χt, ζ and the propagation distance increases [71]. Stochastic
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electromagnetic vortex beam depending on the topological charge is analyzed in
oceanic turbulence. While the topological charge increases, larger dark vortex core
is obtained as in Figure 5c [72]. The effect of χt on rotating elliptical chirped
Gaussian vortex beam (RECGVB) is illustrated in Figure 5d. It is obvious that,
while χt increases, the minimum normalized intensity distribution of RECGVB
increases and the spreading of the beam becomes wider which turn into Gaussian-
like distribution at the receiver [73]. Finally, Lorentz-Gauss vortex beam propagat-
ing through oceanic turbulence is studied. As a result, it is obtained that beams with
higher order topological charges have larger dark center and the beam can protect
these properties as the distance increases [77].

4.4 Other mediums

Besides the oceanic and atmospheric medium, propagation of vortex beams in
other mediums is important for the optical communication system. The propagation
properties of Gaussian vortex beam in gradient index medium are investigated
where the phase distribution of the beam is calculated by the Gradient index
parameter. While the gradient index parameter increases, periodical cycles become
shorter. The topological charge can also influence the period of the phase distribu-
tions [78]. Finally, anamalous vortex beam is investigated in strongly nonlocal
nonlinear medium. The results present that, the input power plays a key role in
the beam evolution. By selecting a proper input power, the beam width can be
controlled [79].

Figure 5.
(a) Detection probability of HyGG vortex beam with different wavelength and (b) detection ratio of LG versus
airy vortex beam, (c) average intensity of stochastic electromagnetic vortex beam with different topological
charges and (d) elliptical chirped Gaussian vortex with different value of χt [70–73].
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5. Propagation properties of partially coherent vortex beams

A partially coherent beam is the beam with a low coherence length which was
first demonstrated by Gori et al. [80]. This beam types have some unique proper-
ties, such as the cross-spectral density, and correlation function which is different
than that of fully coherent beams. On the other hand, partially coherent beams are
able to reduce the scintillation induced by the turbulence, the beam spreading, and
the image noise when compared with the fully coherent beams [81, 82]. Recently,
many research groups have conducted a wide range of studies regarding the prop-
agation of partially coherent vortex beams either in atmosphere, ocean or other
mediums.

5.1 Atmospheric turbulence

GSM vortex beam can be introduced as a partially coherent vortex (PCV) beam
and many studies have inquired into this beam type. The influence of structure
constant, spatial correlation length and beam index on GSM beam is investigated in
details. As given in Figure 6a as the structure constant increases, the normalized
propagation factor increases as well. Additionally, the beam width increases like-
wise [83, 86]. Similarly, multi GSM vortex beam with smaller correlation length
tends to lose its dark hollow center and evolve into a Gaussian beam as obtained in
Figure 6b [84, 87]. Figure 6c illustrates the scintillation index of GSM beam against

Figure 6.
(a) Average intensity of GSM vortex beam for different structure constant values, (b) average intensity of multi
GSM vortex beam at different correlation lengths, (c) scintillation index of GSM beam against GSM vortex
beams and (d) beam spreading of fully and partially coherent beam types [9, 83–85].
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GSM vortex beam. It is clear that, the scintillation index of the two beams increases
as the coherence length increases. Also, for the coherence length being larger than
0.35 mm, GSM vortex beam is less affected by the turbulence than the GSM beam
[9]. Moreover, beam index is another important parameter that affect the GSM
vortex beam. While the beam index increases, the focused beam profile becomes
flatter [88, 89]. Finally, Figure 6d explains that, the PCV beam is obviously suffers
from less beam spreading than the fully coherent vortex beam as expected [85].

Besides that, the propagation of partially coherent double-vortex beams in tur-
bulent atmosphere is investigated deeply. Accordingly, it is observed that the topo-
logical charge, source beam width, degree of coherence at the source plane and the
propagation distance are effective parameters on the intensity distributions. Conse-
quently, as the propagation distance increases, beam profile changes to a Gaussian
beam shape [90]. Moreover, the spreading of partially coherent flat-topped and
Gaussian vortex beams in atmospheric turbulence is analyzed. It is achieved that the
beam width of partially coherent beams increases as the distance increases and
vortex beams are less affected by the atmospheric turbulence than the non-vortex
ones. [91, 92]. Another study analyzes the partially four-petal elliptic Gaussian
vortex beams propagating in turbulent atmosphere. It is achieved that partially
coherent four-petal elliptic Gaussian beams with larger topological charge, smaller
beam order, and larger ellipticity factor are less influenced by atmospheric turbu-
lence. Moreover, vortex beams spread faster with the decreasing of the coherence
length [93]. Scintillation index of partially coherent radially polarized vortex
(PCRPV) beams, and PCV are analyzed as well. According to the obtained numer-
ical results, scintillation index of PCRPV beams is lower than that of the PCV beams
[94]. The propagation of partially coherent electromagnetic rotating elliptical
Gaussian vortex (PCEREGV) beam through non-Kolmogorov turbulence is investi-
gated numerically. Thus, it is realized that the normalized spectrum density of
PCEREGV beam is slightly affected by the inner scale, while the operating wave-
length greatly influences the spectrum density. Normalized spectrum density dis-
tributes more dispersedly and its minimum becomes larger when operating at
higher wavelengths [95]. Finally, partially coherent twisted elliptical and circular
vortex beams are analyzed and it is obtained that, elliptical vortex structure beam
has advantage over the circular vortex with twisted phase modulation [96].

On the other hand, partially coherent LG and GSM vortex beams in slant atmo-
spheric medium are analyzed by the researchers in [97, 98]. The beam wandering of
GSM vortex beams along a slant path is lower than the horizontal path in case of
long propagation distances [97]. Also, when partially coherent LG vortex beam is
propagating in a slant path, bigger source coherence parameter causes a smaller
transverse coherence length. A large zenith angle results in a small transverse
coherence length of the beam [98].

5.2 Oceanic turbulence

Cross-spectral density and average intensity of GSM vortex beams propagating
in oceanic turbulence are discussed and their analytical expressions are obtained
using extended Huygens–Fresnel principle. The intensity equals zero at the center
then as the distance increases, flat-topped beam takes place and, consequently,
evolves into a Gaussian beam shape [99]. Not only the increase in χt, and ζ but also
the decrease in ε lead the partially coherent GSM vortex beams to lose their dark
hollow center pattern and evolve into a flat-topped beam and Gaussian-like beams
as the propagation distance increases under the strong oceanic turbulence [87, 100].
In addition, Lorentz–Gauss vortex beam generated by a Schell-model source
becomes wider with the increase of the oceanic turbulence parameters namely χt,
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and ζ [101]. Furthermore, partially coherent flat-topped vortex hollow beam in
oceanic turbulence with higher beam order loses its initial dark hollow center slower
compared to the beam with lower beam order [23]. Partially coherent four-petal
Gaussian vortex, anomalous hollow vortex beams are also discussed under the
effect of oceanic turbulence. It is found that the partially coherent four-petal
Gaussian vortex that has four petals profile in near field propagation, then turns
into a Gauss-like beam rapidly with either decreasing σ, ς and ε, or increasing the
oceanic parameter χt in the far field [102]. For partially coherent anomalous hollow
vortex beam, the parameters χt and ς give rise to larger spreading of beam rather
than ε [103].

5.3 Other mediums

The propagation of PCV beams in other mediums is also investigated. Conse-
quently, the propagation properties of PCV beams in gain media are investigated.
For longer propagation distances, PCV beams keep their original dark hollow
intensity profile when having a higher topological charge value and larger coher-
ence length. As the coherence length increases, the effective transmission distance
of PCV beams with hollow distribution increases. However, fully coherent
vortex beams always keep the hollow distribution while propagating in the gain
medium [104].

6. Conclusion

The increasing importance of underwater and atmosphere wireless optical com-
munication in a wide range of applications, has shaded the light on understanding
the laser beam propagation in random media. In this context vortex beams play a
role as one of the attractive laser beams which have become a widely investigated
beam. The interest that these beams gained is due to their phase distribution that
can be modulated to transmit the message signals. This way, they pose an alterna-
tive to the classical intensity or phase modulations that wireless optical communi-
cation links use. Thus, vortex beams are able to increase the ability of optical
communication systems through mode multiplexing and high ratio terabit free-
space data transmission. On the other hand, vortex beams are able to reduce the
turbulence-induced scintillation, that leads to a better system performance.

In this context, this chapter introduces the research conducted up to date
regarding the propagation of different vortex beam types in random medium.
Besides summaries the effects of a variety of parameters such as the beam order,
topological charge, coherence length, wavelength, source size, relative strength of
temperature and salinity fluctuations on the beam properties. It observed that both
Gaussian–Schell model vortex and elliptical vortex beams are able to improve the
system performance through the reduction of scintillation that is induced by the
atmospheric turbulence. Besides that, Laguerre–Gaussian vortex beam as an infor-
mation carrier in the free-space optical link decreases the aperture averaged scintil-
lation when increasing the topological charge value. The Laguerre–Gaussian vortex
and combined Gaussian-vortex beams provides a room for the system performance
improvement which is originated from the effective reduction of the scintillation
index especially with the increase of the topological charge. Therefore, vortex
beams are capable to propagate longer distances. In addition, beams with OAM
mode provide another degree of freedom for multiplexing applications, especially
space-division-multiplexing (SDM) systems which is sufficient for higher commu-
nication capacity. On the other hand, the double vortex beams offer advantages
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over the single vortex beams for long communication links. Moreover, a compara-
tive study investigated the propagation of different of vortex beam types in strong
turbulence, and revealed that as the values of topological charge increases the
scintillation level decreases. Partially coherent vortex beams are able to reduce the
scintillation, and beam spreading when compared to the fully coherent beams.

This chapter sets the models of optical wave propagating in random medium
such as atmosphere, ocean and gain media. Then, focuses on the propagation of
different vortex beams, either fully coherent or partially coherent, in different
turbulent mediums. The presented results serve as an adequate database for under-
standing the propagation of vortex beams in random medium. Thus, provides an
essential aid for further investigations in utilizing vortex beams in a wide range of
application namely not only underwater optical communication, laser satellite
communication systems but also sensing systems.
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