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Abstract
Multimode laser beam scintillation index is formulated at the origin of the receiver plane (on-axis) in strong atmospheric 
turbulence using the modified Rytov method. Variations of the scintillation index against the turbulence strength and the 
size of the multimode laser beam are reported for various multimode laser beam contents. It is found that when the multi-
mode content is increased, i.e. when the laser beam contains more modes, and when the multimode content is composed of 
modes with larger mode numbers, the scintillations tend to reduce in strong atmospheric turbulence. Thus, to achieve smaller 
intensity fluctuations in atmospheric wireless optics communication systems having long link lengths or operating in strong 
turbulence, use of multimode laser beams can be recommended.

1 Introduction

Laser beam intensity profiles are known to affect the vari-
ation of the received intensity fluctuations in a wireless 
atmospheric optical communication link. The scintillation 
index which is a measure for the intensity fluctuations is 
reported in atmospheric turbulence in many classical pub-
lications [1–4]. Influences of various aspects such as the 
partially coherent beam [5, 6], diffraction size of a trans-
mitting aperture [7], random electromagnetic beams [8, 
9], beam types like the Gaussian [10, 11], annular [12] and 
flat-topped-Gaussian [13, 14] on the scintillations in weak 
atmospheric turbulence are examined. We have previously 
reported the effect of beam types in atmospheric turbulence 
for many different types of optical beams in a review paper 
[15]. Since in the current paper, we scrutinize the multimode 
laser beam scintillations, here we specifically mention the 
work performed for the higher order Gaussian and multi-
mode laser beams. Results for the intensity fluctuations of 
higher order modes in weak turbulent regime can be traced 

in the recent publications that cover the anisotropic atmos-
pheric [16], non-Kolmogorov [17], oceanic [18] and marine 
atmospheric [19] media. Multimode scintillations are also 
examined in Kolmogorov [20], non-Kolmogorov [21] and 
underwater turbulence [22, 23].

On the other hand, the behaviour of the scintillations in 
strong atmospheric turbulent regimes is elaborated in the 
earlier classical papers in which the theory of saturation [24, 
25], comparison of theories for intensity fluctuations [26] and 
strong fluctuations of fields of optical beams [27] are reported. 
Later, strong atmospheric turbulence solution for the scintilla-
tions is introduced by employing the modified Rytov method 
[3, 28] which is applied to optical plane [29], annular [30], 
flat-topped Gaussian [31], higher order mode [32] laser beams 
and to anisotropic atmospheric turbulence [33]. Scintillations 
in strong atmospheric turbulence are also evaluated for pulsed 
Laguerrian beams [34] and in non-Kolmogorov medium [35, 
36]. In our recent work, we have investigated the intensity 
fluctuations in strong oceanic turbulence [37].

In this paper, we report the formulation and evaluations 
of the scintillation index of multimode laser beams when 
they are used in strongly turbulent atmospheric medium. It 
is well known that depending on the type of the media that 
exhibits different turbulence characteristics, the received 
intensity fluctuations show very different characteristics. 
Our earlier results that cover the received intensity fluctua-
tions of multimode laser beams are for the Kolmogorov [20], 
non-Kolmogorov [21] and underwater turbulence [22] which 
are all under weak turbulence conditions. The current paper 
covers the received scintillations of multimode laser beams 
in strong atmospheric turbulence and it is not possible to 
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predict the results reported in the current paper from the 
evaluations reported in our previous works provided in 
[20–22]. Thus, the results shown in the current paper do not 
appear in literature. Our motivation is to understand whether 
the use of multimode laser beam structures will bring advan-
tage in the performance of wireless optical communication 
systems that operate in long links.

2  Formulation

It is well known that in weak atmospheric turbulence, the 
scintillation index at the origin of the receiver plane (on-
axis) is given by [1]

where B� (L) is the log-amplitude correlation function at the 
origin of the receiver plane which is L distance away from 
the source plane, i.e. L is the link length.

The multimode laser field at the source plane is [22]

which is obtained by superposing the higher order laser 
beam structures given by [17]

Here, n and m are the mode numbers of the higher order 
laser beams in x and y directions; Hn(.) and Hm(.) are the Her-
mite polynomials that determine the field distributions in the 
x and y directions; �s is the Gaussian source size; sx, sy are the 
x and y components of the transverse source coordinate; Aj is 
the amplitude of the jth mode and N is the number of higher 
order beams composing the multimode laser beam structure. 
In our earlier work [38], using Rytov method, we have reported 
the formulation of the log-amplitude correlation function for 
general type optical beams, multimode laser beam being one 
of them. Then, by introducing the multimode laser beam field 
given by Eq. (2) into the log-amplitude correlation function 
formula for general type optical beams [38] and employing 
Eq. (1), we have formulated the on-axis scintillation index for 
multimode beams in weak atmospheric turbulence as [21]:

(1)m2
weak

= 4B� (L),

(2)
uMM(sx, sy) =

N∑
j=1

A
j
H

n
j
(s

x
∕�

s
)

exp[−(0.5s2
x
∕�2

s
)]H

m
j
(s

y
∕�

s
) exp[−(0.5s2

y
∕�2

s
)],

(3)
u(sx, sy) = Hn(sx∕�s)Hm(sy∕�s)exp

[
−0.5�−2

s
(s2

x
+ s2

y
)
]
.

(4)

m
2

weak
= 4B� (L) = 4�Re

⎧⎪⎨⎪⎩

L

∫
0

d�

∞

∫
0

�d�

2�

∫
0

d�
�
W1(�, �, �, L) +W2(�, �, �, L)

�
Φ

n
(�)

⎫⎪⎬⎪⎭
,

where Re is the real part,

i = (−1)0.5 , � = k�s∕
(
k�2

s
− iL

)
 , k = 2�∕� , � is the wave-

length, * denotes the complex conjugate, η is the distance 
along the propagation axis, �exp(i�) is the two-dimensional 
spatial frequency in polar coordinates, � and θ being the 
magnitude and the phase of the two-dimensional spatial 
frequency. In Eq. (4), Φn(�) presents the atmospheric tur-
bulence spectrum. Here, we note that W1 , W2 , WR and X(L) 
appearing in Eqs. (5)–(8), respectively, are the propagation 
terms originating from the Rytov formulation of the log-
amplitude correlation function evaluated at the origin of the 
receiver plane [21]. The scintillation index in Eq. (4) is valid 
for weak atmospheric turbulence when Φn(�) is the Kolmog-
orov spectrum. However, in the modified Rytov method in 
which weak turbulence Rytov solution is extended to cover 
also the strong atmospheric turbulence solution [28] using 
the modified turbulence spectrum originally presented for 
zero inner scale in [28] and rearranged in [32] as:
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where  � = 1 − Re
[
i�sL∕

(
1 + i�sL

)]
 ,  �̄� + 𝛩 = 1 and 

�2
R
= 1.23C2

n
k7∕6L11∕6 is the Rytov plane wave scintillation 

index. To apply amplitude spatial filtering, the large-scale 
and the small-scale scintillation indices ( m2

LS
 and m2

SS
 ) are 

obtained by employing, respectively, the first and the second 
terms of Eq. (9) in Eq. (4). In Eq. (9), the inner and outer 
scales are taken as zero and infinity. Employing Eq. (9) in 
Eq. (2), integrating over � and � , the small-scale and the 
large-scale scintillation indices are obtained. Then the com-
bined scintillation index can be expressed for strong atmos-
pheric turbulence as [4]:

where m2
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 and m2
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 are found to be
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 and Re denotes the real part. 

Using Eqs. (13) and (14) in Eq. (12), the on-axis scintilla-
tion index for multimode laser beam in strong atmospheric 
turbulence is obtained. We note that Eq. (10) is valid in hori-
zontal links and for multimode laser beams composed of 
modes having even mode numbers. The results obtained by 
evaluating Eq. (10) are presented in Sect. 3.

3  Results and discussion

In all the figures, Aj is taken to be unity for all j and the 
source sizes of the beams composing the multimode laser 
beam are taken to be the same. The wavelength is taken to 
be 1.55 μm in all the figures. The horizontal axes of Figs. 1, 
2 and 5 are �R =

(
1.23C2

n
k7∕6L11∕6

)1∕2 which is known [4] 
to be the parameter to determine the strength of atmos-
pheric turbulence. For 𝜎2

R
< 1 , atmospheric turbulence is 

in the weak fluctuations regime and when 𝜎2
R
> 1 , strong 

turbulence regime dictates. For the interim values of �2
R
 , 

atmospheric turbulence is said to have moderate strength. 
Modified Rytov method solution is known to cover all of the 
weak, moderate and strong atmospheric turbulence regimes 
[3, 28]. Thus, the scintillation index expression given by 
Eq.  (10) actually covers all the atmospheric turbulence 
regimes.

In Fig. 1, the scintillation index in strong atmospheric tur-
bulence is plotted versus the plane wave scintillation index 
for various multimode laser beam contents where the single 
mode presents the fundamental mode (0,0), i.e. the Gaussian 
beam, and the other curves present the mode combinations 
of (0,0) + (2,2) for the 2 modes and (0,0) + (2,2) + (4,4) for 
the 3 modes. It is observed from Fig. 1 that as the turbulence 
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strength increases, being valid for all the chosen mode con-
tent combinations, the scintillation index of multimode laser 
beams first increases, after reaching a maximum value, starts 
to decrease and is retained at the saturation value. Examin-
ing the scintillation index in Fig. 1 at the same but large 
turbulence strength values, it is seen that as the number of 
beams in the multimode beam increases, the scintillation 
index becomes smaller. In Fig. 2, the scintillation index 
in strong atmospheric turbulence is examined against the 
turbulence strength for multimode laser beams where each 
curve is composed of 3 modes with different contents. It is 
seen from Fig. 2 that whatever the contents of the 3 modes 
composing the multimode laser beam is, increase in the 
turbulence strength first increases the scintillation index of 
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multimode laser beams in strong atmospheric turbulence, 
then causes the scintillations to reach certain values and 
eventually the scintillation index stays at a certain satura-
tion value for each curve as the atmospheric turbulence 
becomes stronger. Looking at the curves of Fig. 2 at the 
fixed the turbulence strength values, it is not easy to reach a 
general trend, however, comparison of the upper two curves 
with the lower two curves indicates that the 3 mode mul-
timode beams whose contents have higher mode numbers 
exhibit lower intensity fluctuations in strong atmospheric 
turbulence. Figure 3 shows the variation of the scintillation 
index in strong atmospheric turbulence of multimode beams 
having different mode contents, versus their source size. �R 
in Fig. 3 is taken to be a fixed value of 2.73 which falls in 
the strong atmospheric turbulence regime. It is seen from 
Fig. 3 that irrespective of the number of beams composing 
the multimode laser beam, as the source size increases, the 
intensity of multimode beams first fluctuates less, reaches a 
minimum value, then starts to increase and attains a satura-
tion value after a slight decrease. That is, in strong atmos-
pheric turbulence, larger sized multimode sources eventually 
reach a steady value at sufficiently large source sizes. At the 
fixed source size, it is observed from Fig. 3 that the inten-
sity fluctuations of multimode laser beams in sufficiently 
strong atmospheric turbulence are lowered when the number 
of beams composing the multimode content is larger. Scin-
tillation index in strong atmospheric turbulence versus the 
source size of the multimode laser beam where each curve 
is composed of 3 modes with different mode contents is 
presented in Fig. 4. Observation from Fig. 4 is that for all 
the multimode laser beams, each containing the same num-
ber of beams with different mode numbers, as the source 
size increases, the scintillation index in strong atmospheric 
turbulence first decreases, makes a minimum, then starts 

to increase and reaches a steady state saturation value. In 
Fig. 4, similar to Fig. 3, the plane wave scintillation index is 
again kept at the same value of 2.73, i.e. strong atmospheric 
condition is retained. Investigating the scintillation index in 
Fig. 4 at the fixed source size, comparison of the upper two 
curves with the lower two curves yields, as in Fig. 2, that the 
3 mode multimode beams whose contents have higher mode 
numbers exhibit smaller scintillation index in strong atmos-
pheric turbulence. Figures 1 and 2 are for fixed source size 
and varying atmospheric turbulence strengths, and Figs. 3 
and 4 are for fixed atmospheric turbulence strength and vary-
ing source sizes. It is also of interest how the scintillation 
index of multimode laser beam is effected with the source 
size at varying atmospheric turbulence strengths. For this 
purpose, Fig. 5 is provided in which the scintillation index in 
strong atmospheric turbulence versus the turbulence strength 
of one multimode laser beam composed of the modes 
(0,0) + (2,2) + (2,4) is plotted for different source sizes. The 
observation from Fig. 5 is that the trend seen in Fig. 1 holds 
to be true for all the source sizes of the multimode beam, i.e. 
as the turbulence strength increases, the scintillation index 
of the multimode laser beam first increases and reaches cer-
tain value, then this value is retained as the atmospheric 
turbulence becomes stronger. When the turbulence strength 
increases to a large extent, it is seen that the multimode beam 
with the larger source size attains slightly smaller scintilla-
tions but at such large turbulence strengths, the scintillations 
of all the multimode beams of different source sizes merge 
to a certain saturation value.

The results presented in this section cover the scintillation 
index for multimode laser beams evaluated at the origin of 
the receiver plane (on-axis) where the multimode contents 
are composed of even higher order laser beams whose mode 
numbers in x and y directions, i.e. n and m, are all even. 
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Multimode beams composed of all even higher order modes 
have the property that the point of maximum of the average 
intensity distribution of the corresponding multimode beam 
structure is at the origin of the receiver plane, and we calcu-
late the scintillation index at the origin of the receiver plane 
(on-axis). Thus, the on-axis scintillation index is in fact cal-
culated as a function of �R at the point of maximum of the 
average intensity distribution of the corresponding multi-
mode beam structure. In this way, the results are brought to 
one type for correct comparison.

4  Conclusion

The intensity fluctuations quantified by the scintillation 
index are evaluated for laser beams of multimode content in 
strongly turbulent atmospheric medium. When the strength 
of atmospheric turbulence increases, before reaching a maxi-
mum value, the scintillation index of multimode laser beam 
is found first to increase, then to decrease and to stay at the 
saturation value. At large turbulence strength values, when 
the number of beams in the multimode content becomes 
larger, the scintillation index tends to become smaller. Com-
paring the scintillation index of multimode beams having the 
same number of beams in strong atmospheric turbulence, 
it is found that the multimode structures possessing beams 
with larger mode numbers attain smaller scintillation val-
ues. The scintillation index in strong atmospheric turbulence 
is found to decrease when multimode beams having larger 
number of beams are employed.

Based on the results found in this paper, in horizontal 
wireless optical communication links having very long link 
lengths, use of multimode laser beams with large number of 

beam contents can be recommended to reduce the scintilla-
tion noise, thus to improve the performance of such links. It 
is noted that the behaviour of the scintillation index of mul-
timode laser beams can show different characteristics when 
they are used as excitations in other types of turbulent media 
as reported in [20–22] for weakly turbulent Kolmogorov, 
non-Kolmogorov atmospheric and underwater turbulence, 
respectively.
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