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In this paper the propagation of Gaussian beam in turbulent atmosphere for free space optical communication has been 
studied. The intensity on axis of Gaussian beam wave, `beam radius and radius of curvature at the receiver has been 
evaluated and discussed. The effect of aperture averaging on Gaussian beam wave for different turbulence strength of 
atmosphere has been shown graphically. The aperture averaging factor decreases under high atmospheric strength and 
averaging ability of the receiving system increases by increasing receiving aperture diameter. Additionally an improved 
expression of scintillation loss has been evaluated using threshold power approach. This expression takes into account the 
loss due to scintillation when Gaussian wave propagates through atmospheric turbulence. Results show that probability of 
fading and losses due to scintillation are considerably lower when threshold power level is set low. 
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1. Introduction 
 
Previous studies on free space optical communication 

have been emphasized on the atmosphere that degrades an 
optical signal in free space optics. [1] 

When optical wave propagate through the turbulent 
atmospheric condition, it  experiences a random irradiance 
fluctuations, called scintillation. This is due to 
perturbations by refractive index fluctuations. Optical 
wireless scintillation is considered to be most important 
atmospheric effects and can attract much attention in 
practical applications, especially in laser tracking ranging 
systems and laser imaging systems [1-6]. 

In the early 1960s, Tatarskii and Cherenkov focussed 
on Rytov approximation method and evaluated the 
scintillation index expressions of unbounded plane wave 
and spherical wave but their scintillation indices results 
have limited to weak turbulent only. After that lots of 
theoretical and experimental work based on irradiance 
fluctuation under strong turbulence regimes have been in 
process. Several mathematical models of scintillation 
theory has later developed and modified by others [7-12].  

Andrews et al. gave a comprehensive summary of 
these studies about plane wave, spherical wave, and 
Gaussian beam. Wu and Wei discussed the scintillation 
index of a Gaussian beam considering inner-scale and 
outer-scale on slant path. Previous work concerned with 
the spread and average intensity of partially coherent beam 
[1, 13-15].  

Then Eyyuboglu and Baykal presented scintillation 
evaluation in weak atmospheric turbulent system for 
somewhat coherent general beams based on the extended 
Huygens- Fresnel principle [16, 17]. 

A simplified block diagram of FSO system is shown 
in Fig. 1. 
 

 
 

Fig. 1. Block diagram optical wireless link. 
 

 
2. Gaussian beam wave at axis on z plane              
 
The transmitting aperture of the gaussian beam has 

been placed in the plane Z = 0 and the distribution of 
amplitude has a gaussian function with effective beam 
radius W0. The phase distribution is parabolic with radius 
of curvature F0. The optical field of the wave on this plane 
having amplitude A0 at the axis is given below [1] 
 

U଴ሺܚ, 0ሻ ൌ  A଴exp ሺെ rଶ W଴
ଶ െ  ik rଶ 2F଴⁄⁄ ሻ          (1) 

 
Here r is perpendicular distance from center line of 

beam.  
Introducing the complex parameter ߙ௢ 

 
α଴ ൌ  ଶ

୩୛బ
మ ൅  i ଵ

୊బ
   ,     ሾmିଵሿ                    (2) 

 
Here Wo is waist size, K=2π/λ denote wave number and i 
represent imaginary unit. From (2), the gaussian beam 
wave (1) can also be represented as [18] 
 

Uሺr, Lሻ ൌ  A଴exp ቀെ ଵ
ଶ

α଴krଶቁ                  (3) 
Optical field of the gaussian-beam wave (3) at 

distance z = L along the positive z axis represented by the 
Huygens-Fresnel integral [18, 19]. 
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U଴ሺr, Lሻ ൌ  െ2ik ׬ ׬ Gሺs, r; LሻU଴ ሺs, 0ሻdଶஶ
ିஶ s           (4) 

 
Where U଴ ሺs, 0ሻ represent the optical field at the source 
(transmitter) plane and Gሺs, r; Lሻ represent the green’s 
function defined under the paraxial approximation by 

 
Gሺs, r; Lሻ ൌ  ଵ

ସ஠୐
exp ቂikL ൅ ୧୩

ଶ୐
|s െ r|ቃ                (5) 

 
By inserting the gaussian-beam formulation (2) into 

(3) and evaluate the resulting integrals, resulting a 
Gaussian-beam wave similar to (3) but with complex 
amplitude  A଴ ሺ1 ൅ iα଴Lሻ⁄  [19] 
 

U଴ሺܚ, Lሻ ൌ  ୅బ
ଵା୧஑బ୐

exp ቂikL െ ଵ
ଶ

ቀ ஑బ୩୰మ

ଵା୧஑బ୐
ቁቃ ൌ

୅బ
୮ሺ୐ሻ

exp ቂikL െ  ଵ
ଶ

ቀ஑బ୩୰మ

୮ሺ୐ሻ
ቁቃ                                               (6) 

 
Where pሺLሻ = 1 ൅ iα଴L called the propagation parameters 
[19]. 

The optical field U଴ሺܚ, 0ሻ passing through a aperture 
of radius r at transverse plane Z=0  
 

U଴ሺܚ, 0ሻ ൌ  A଴exp ቂെ ଵ
ଶ

ሺα଴krଶሻቃ e୧୵୲             (7) 
 
Where e୧୵୲ has time dependence factor that may be 
suppressed in the further equations. 

The optical intensity associated with Gaussian beam 
at radial distance r from the axis [19] 
 

Iሺr. Lሻ ൌ I଴
୛బ

మ

୛మሺ୐ሻ
exp ቂെ ଶ୰మ

୛మሺ୐ሻ
ቃ                       (8) 

 
The corresponding time-averaged intensity or 

irradiance for the beam located in plane Z=0  
 

Iሺr, 0ሻ ൌ  |୉ሺ୰,଴ሻ|మ

ଶ஗
ൌ  I଴exp ቀଶ୰మ

୛బ
మቁ                      (9) 

 
Where I0 = I (0, 0) is the intensity at the centre of beam at 
its waist. 

The incident power P on receiver aperture diameter D 
at a distance L given as [20,21] 
 

ܲሺܦ, ሻܮ ൌ ଴ܲ ቈ1 െ ݁൬ି ವమ

మೈమሺಽሻ൰቉                (10) 

 
The power P passing through a aperture of diameter D 

at transverse plane Z=0   
 

PሺD, 0ሻ ൌ  P଴ൣ1 െ eିୈమ ଶ୛బ
మൗ ൧                     (11) 

 
Where total power transmitted by the beam P଴ ൌ  ଵ

ଶ
πI଴W଴

ଶ. 
For a point receiver the diameter D approaches to zero, so 
the peak intensity on the axis of Gaussian beam has 
calculated using L’Hospital rule 
 

Iሺ0,0ሻ ൌ  limୈ՜଴
୔బ൤ଵିୣషీమ మ౓బ

మൗ ൨

ಘీమ
ర

                      (12) 

 
Iሺ0,0ሻ ൌ  ଶ୔బ

஠୛బ
మ                               (13) 

 
For physical interpretation it is needful to express 

beam wave equation in other form of beam radius and 
phase front radius of curvature at the receiver side. For 
this, introduce the following notation [19]. 
 

1 ൅ iα଴L ൌ  Θ଴ ൅  i ଴,             (14) 
 
Where ߆଴ and  ଴ are non dimensional real parameters at 
transmitter is defined by 
 

Θ଴ ൌ   Reሺ1 ൅ iα଴Lሻ ൌ  1 െ ୐
୊బ

,                 (15) 
 

 ଴ ൌ   Imሺ1 ൅ iα଴Lሻ ൌ  ଶ୐
୩୛బ

మ                     (16) 
 

The notation of the beam radius and phase front radius 
of curvature at receiver is represented by W and F 
respectively. These beam characteristics at the receiver 
plane are related to the beam parameters at transmitter side 
as defined in (14) by [19] 
 

ܨ ൌ ଴߆଴ሺܨ 
ଶ ൅   ଴ଶሻሺ߆଴ െ  1ሻ ሺ߆଴

ଶ ൅   ଴ଶ െ ߆଴ሻ⁄    (17) 
 

Due to atmospheric effects, these beam parameters 
associated with gaussian wave in an indiscriminate 
medium, makes analysis more complicated. So it requires 
a characterization of related beam parameters of gaussian 
beam at the plane of receiver side. 

From conformal transformation 1 ሺ߆଴ ൅  ݅ ଴ሻ ൌ ⁄ ߆ െ ݅ , 
where the (non dimensional) real parameters Θ and � are 
defined by [22, 23] 
 

Θ ൌ  ஀బ
஀బ

మା  బమ
  ,         ൌ   బ

஀బ
మା  బమ

                 (18) 
 

Θ ൌ 1 ൅  ୐
୊

,            ൌ  ଶ୐
୩୵మ                    (19) 

 
By using above parameters, beam radius and phase 

front radius of curvature at the receiver side can be 
expressed in terms transmitter set of beam parameters as 
follows. 
 

W ൌ  ቀଶ୐൫஀బ
మା  బమ൯

୏ బ
ቁ

ଵ
ଶൗ
                        (20) 

 
F ൌ  ୐൫஀బ

మା బమ൯
஀బ

మା బమା஀బ
                               (21) 

 
By introducing two sets of non dimensional beam 

parameters at both sides, the beam spot radius and phase 
front radius of curvature as well as other beam parameters 
are determined from either set of beam parameters. We 
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can use these beam parameters to find out the location and 
size of the geometric focus and the beam waist.  

When the Gaussian beam wave reach at the receiver 
side, the effect of scintillation can be minimized by 
aperture averaging technique that is discussed in next 
section. 

 
 
3. Effect of aperture averaging for different  
    atmospheric turbulence conditions 
 
According to Rytov hypothesis, the intensity 

distribution shows lognormal behaviour only in weak to 
intermediate turbulence. Numerical analysis and 
experimental verification shows that lognormal action of 
the received intensity also implement  good estimate in all 
turbulence regime (weak, intermediate, strong, saturation) 
except when extreme amounts of aperture averaging take 
place [24-26]. 

The aperture averaging factor has usually been used to 
measure the fading that decreases by aperture averaging 
process. The aperture averaging parameter is expressed as 
below [1][27]. 
 

ܣ ൌ ఙ಺
మሺ஽ሻ

ఙ಺
మሺ଴ሻ

                                 (22) 

 
Where, σ୍

ଶሺDሻ and σ୍
ଶሺ0ሻ denotes the scintillation index of 

a receiver aperture of diameter D and a point receiver 
whose diameter is approximately equals to zero 
respectively. 

The minimum probable value of A is needed in order 
to overcome signal fading due to atmospheric instability 
[28]. 

The scintillation index obtained as follows [29,30]. 
 

ூߪ
ଶሺܦሻ ൌ

݌ݔ݁ ൥ ଴.ସଽఙೃ
మ

ቀଵା଴.଺ହଷௗమାଵ.ଵଵఙೃ
భమ ఱ⁄ ቁ

ళ ల⁄ ൅
଴.ହଵఙೃ

మቀଵା଴.଺ଽఙೃ
భమ ఱ⁄ ቁ

షఱ ల⁄

ଵା଴.ଽௗమା଴.଺ଶଵௗమఙೃ
భమ ఱ⁄ ൩ െ 1                            

(23) 
 

ூߪ
ଶሺ0ሻ ൌ ݌ݔ݁ ൝ ଴.ସଽఙಳ

మ

ቂଵା଴.ହ଺ሺଵା௵ሻఙಳ
భమ ఱ⁄ ቃ

ళ ల⁄ ൅ ଴.ହଵఙಳ
మ

ቀଵା଴.଺ଽఙಳ
భమ ఱ⁄ ቁ

ఱ ల⁄ ൡ െ 1     

                                (24) 
 
The aperture averaging factor can be approximated as 

[1] 
 

ܣ ൎ ቂ1 ൅ 1.062 ቀ஽మ

ସ
௞
௅
ቁቃ

ି଻ ଺⁄
                   (25) 

 
Also note that, above equation assumes l଴ ا ඥL k⁄  
According to kolmogorov spectrum, the spectral 

density for refractive-index fluctuations over the internal 
sub range is defined by [1] 
 

߶௡ሺܭሻ ൌ ௡ܥ0.033 
ଶିܭଵଵ ଷ⁄      1 ଴ܮ

ൗ ا ܭ ا 1
݈଴

ൗ       (26) 
 

The atmospheric turbulence strength factor can be 
obtained from equation (27) as follows 
 

30.3߶௡ሺܭሻܭଵଵ ଷ⁄ ൌ ௡ܥ 
ଶ                 (27) 

0 2 4 6 8 10
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

(Cn)
2=10-12

(Cn)
2=10-13

(Cn)
2=10-14

A
pe

rt
ur

e 
A

ve
ra

gi
ng

 F
ac

to
r (

A
)

d=(KD2/4L)1/2

 
Fig. 2.  Aperture averaging parameter for different 
turbulence strength of atmosphere as a function of 
circular  aperture  radius  d which  depend  on  receiving  

aperture radius D/2. 
 

By considering the three regime of turbulence for 
Gaussian beam wave, results shows that the effect of 
aperture averaging bound by different propagation 
scenarios. The aperture averaging factor move downward 
very slowly under higher atmospheric turbulence strength. 
Moreover, results shown that the aperture averaging ability 
of the receiving system increases by increasing receiving 
aperture radius.  

Now next section discusses the scintillation loss 
calculation using threshold power approach. 

 
 
4. Scintillation loss evaluation by threshold  
     approach 
 
The probability of fading received in Gaussian wave 

signal is determine using threshold approach technique. 
This approach is based on the theory that due to fading and 
within a certain time interval, the received optical signal 
power or its intensity drops below the receiver sensitivity 
(threshold level). 

The threshold approach reduces the complication in 
analysis of fading as it does not require a complete and in 
depth investigation of a particular receiver performance. 
The probability of fading can be evaluated by cumulative 
distribution function (CDF) [19] 
 

௥ܲሾܫ ൑ ,௧ሺ0ܫ  ሻሿܮ ൌ ׬  ܲሺܫሻ݀ܫூೝሺ଴,௅ሻ
଴                   (28) 

 
Where ܫ௥ሺ0,  .ሻ is intensity at receiverܮ

For Gaussian optical wave, the intensity of the 
Gaussian wave at the radial distance r from the axis can be 
given by [19] 
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,ݎ଴ሺܫ ሻܮ ൌ ଴ܫ ቂ ௐబ
ௐሺ௅ሻ

ቃ
ଶ

݌ݔ݁ ቂെ ଶ௥మ

ௐమሺ௅ሻ
ቃ            (29) 

 
Where I0 is the transmitter output intensity at the centre 
axis line. 

The relation between Gaussian wave intensity and the 
total beam power at the center line of the beam can be 
given by [20] 
 

,଴ሺ0ܫ ሻܮ ൌ ଴ܫ ቂെ ௐబ
మ

ௐమሺ௅ሻ
ቃ ൌ  ଶ௉బ

గௐమሺ௅ሻ
                  (30) 

 
Here P0 is the power of beam at transmitter side. 

When beam reached at the receiver side, the incident 
power P at a distance L on the receiver lens of aperture 
diameter D is  
 

ܲሺܦ, ሻܮ ൌ  ଴ܲ ቂ1 െ ݌ݔ݁ ቀെ ஽మ

ଶௐమሺ௅ሻ
ቁቃ               (31) 

 
Solving the equation (31) for P0  

 

଴ܲ ൌ  ିగூబௐబ
మ

ଶ
                              (32) 

 
On substituting P0 from equation (32) in equation (31) and 
assumed that the received power is approximately equals 
the receiver sensitivity that is PሺD, lሻ ൌ  P୰ then intensity 
becomes threshold intensity that is I଴ ൌ I୲୦୰ then the 
threshold intensity represented as  
 

௧௛௥ܫ ൌ െ ଶ௉ೝ
గௐ೚

మ ቂ1 െ ݌ݔ݁ ቀെ ஽
ଶ௪మሺ஽ሻ

ቁቃ
ିଵ

            (33) 
 
With this threshold approach, when received power Pr is 
below certain minimum power Pmin during certain time, no 
data reception is possible. 

The time during which P୰ ൏ P୫୧୬, then power margin 
between the received power P୰ and minimum power P୫୧୬ 
or threshold power P୲୦୰ should be calculated as an extra 
loss in the link budget computation. This additional loss is 
defined as the scintillation loss αୱୡ୧ of the communication 
system, which is calculated in decibels as follows. 
 

௦௖௜ߙ ൌ ଵ଴݃݋10݈  ቀ௉೘೔೙ ௢௥ ௉೟೓ೝ
௉ೝ

ቁ,    ߙ௦௖௜ ൏ 0            (34) 
 

The value of threshold power P୲୦୰ for point receiver 
can be evaluated from the equation below [31] 
 

௧ܲ௛௥ ൌ  ଵ
ଶ

൭1 ൅ ݂ݎ݁ ൝
௟௡൤ఈೞ೎೔൫ఙ೛

మାଵ൯
భ మ⁄

൨

ൣଶ௟௡൫ఙ೛
మାଵ൯൧

భ మ⁄ ൡ൱             (35) 

 
Where σ୮

ଶ is power scintillation index. 
Solve the equation (35) using Taylor series expansion, 

the new modified expression of scintillation loss ߙ௦௖௜   
 

௦௖௜ߙ ൌ  ௘
√ഏ൫మು೟೓ೝషభ൯೗೙ ሺ഑೛మ శభሻ

√మ

ఙ೛
మାଵ

                    (36) 
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Fig. 3.  Power scintillation index versus Scintillation loss 

with threshold power as parameter. 
 

Results shows that losses due to scintillation and 
probability of fading are considerably low when threshold 
power level has low. The scintillation loss without 
difficulty exceeds 18 dB for minimum threshold power 
when power scintillation index is less than one, as 
compared to other threshold levels. When some portion of 
total data loss is considered then by threshold method, the 
losses due to scintillation can be evaluated according to 
newly evaluated equation (36). This approach is not 
restricted to Gaussian waves, spherical or plane waves but 
can be implemented to other beams whenever power 
scintillation index is known. 

 
 
5. Conclusion 
 
Representation of various parameters like field, 

intensity and power associated with gaussian beam wave 
at the axis by new expressions. By developing the gaussian 
beam parameters for transmitter and receiver side in terms 
of their respective opposite side, spot radius of beam, 
radius of curvature and other parameters can be 
determined, so that we can identify the location, size of 
focus and beam waist of gaussian beam wave. At the 
receiver side, effect of scintillation for gaussian wave can 
be minimized by aperture averaging technique. The 
aperture averaging effect depends on receiving aperture 
diameter and it increases with it in different propagation 
conditions defined by structure parameter ܥ௡

ଶ. Results 
shows that aperture averaging effect becomes lower for 
higher atmospheric turbulence strength.  

The scintillation loss in received Gaussian wave 
signal is determined using threshold approach technique. 
Scintillation loss can also be evaluated from new derived 
mathematical expression. This new approach is not limited 
to gaussian beam wave profile only but it can be 
implemented to plane or spherical beam wave profile 
whenever power scintillation index is known. 
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