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Pointing errors (PE) during free space optical (FSO) transmission can be caused by laser beam wan-
der due to thermal and wind dynamic instability. The aim of this work is to study the coupled effects 
of temperature and wind speed on PE using matrix Rician pointing error (MRPE) model; then show 
how variable antennas height can reduce PE due to wind speed and temperature coupled effects. 
To achieve this purposes, average PE expression was established using MRPE model. Then con-
sidering a Gaussian beam wave and Monin–Obukhov similarity functions for the structure param-
eters of temperature, explicit relationship was established between average PE, temperature and 
wind speed. It comes out of this study that under dynamic turbulence, one can appropriately modify 
temperature to reduce PE due to dynamic instability and reciprocally. Depending on turbulence 
large cells or frozen turbulence eddies distribution, PE can be reduced by appropriately modified 
antennas height or the distance between transmitter and receiver. That is why this work suggests 
to install variable or dynamic antennas (rather than fixed ones) which could intelligently modify 
its positions according to laser beam wander created by atmospheric turbulence. 

Keywords: atmospheric turbulence, pointing errors, free space optical transmission, Rician pointing error 
model. 

1. Introduction 

With comparable high speed as optical fiber (over 10 Gbps) [1], free space optical 
(FSO) transmission is flexible due to its wireless transmission and allows all data types 
transmission. In addition to the fact that its production cost is lower than that required 
for the deployment of optical fiber (its license-free bandwidth) [2-9], its implementa-
tion and maintenance in the field is less restrictive. However, because FSO signals are 
propagated through the air, some environmental challenges are unavoidable. Thus, be-
fore arriving at the receiver, laser beams are principally affected by atmospheric tur-
bulence, path losses, and pointing errors (PE) respectively represented by ha, hl and 
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hp coefficients; so that the channel state or instantaneous intensity gain can be ex-
pressed as 

h = ha hl hp (1)

In fact, atmospheric turbulence is due to thermal instability and wind dynamic insta-
bility; these thermal and wind dynamic instabilities lead to a fluctuation of air cells 
and cause random eddies of different sizes. Depending of eddies scale sizes, if the size 
of the turbulence eddies is larger than the laser beam diameter, the whole laser beam 
bends, as shown in Fig. 1 (beam wander). However, we observed beam scintillation, 
if the size of the eddies is smaller than the optical beam size. 

Laser source Detector 

Fig. 1. Laser beam wandering due to turbulence cells that are larger than the beam diameter [11]. 

Misalignment or PE can occur due to a variety of reasons, such as swinging of 
buildings, earthquakes, and heavy wind [10]. In addition to the above classical causes 
of PE, we can observe in Fig. 1 that beam wandering can be related to PE since the 
emitted signal is not received by the receiver in spite of the fact that the transmitter and 
receiver are aligned and that the emitted signal could be received by the receiver of slight 
changed position. In addition, PE can be due to the presence of frozen eddies in the 
line-of-sight (LOS) of the transmitter and receiver as showed in Fig. 2. So, by simul-
taneous modify of positions of the transmitter and receiver we can avoid the frozen 
eddies to be between the LOS. 

Fig. 2. Taylor’s frozen turbulence hypothesis: an eddy travels with the mean wind speed, while its size 
and characteristic parameters remain constant [12]. 
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Many studies have been made to show how pointing error affect FSO transmission 
by establishing relations between bit error rate, outage probability, capacity and PE 
[13-28]. In the article published in [27], ANSARI et al., analyze the performance of free 
-space optical links with pointing errors. In [28], ALSHAER et al., used a non-zero-bore-
sight pointing error to make a generic evaluation of FSO system over Málaga turbu-
lence channel. More recently, in 2022 HAN et al., studied the joint impact of channel 
estimation error and pointing error on FSO communication systems [25]. The same 
year (2022) DING et al. studied the dual-hop RF/FSO systems with non-zero boresight 
pointing errors [24]. In general, these cited research works and many others [29-33] 
investigated how pointing error affected FSO transmission; but so far, according to our 
knowledge, temperature and wind speed coupled effects on PE have not yet been in-
vestigated. That is why the first purpose of this work is to study the coupled effects of 
temperature and wind speed on PE during FSO transmission using a new formulation 
of Rician pointing error (RPE) model, namely matrix Rician pointing error (MRPE) mod-
el. Then we show that using a variable antennas positions could lead to reduction of 
PE. The rest of the paper is therefore presented as follows: In Section 2, we have ex-
plained methods used to obtain results which are presented and discussed in Section 3. 
Section 4 is devoted to some concluded remarks of the paper. 

2. Methods 

Knowing that the current form of Rician pointing error model is  not  appropriate to 
achieve the purposes of this work since it is defined as a function (PDF), the matrix 
Rician pointing error (MRPE) model is going to be defined as a matrix probability den-
sity function. After, average PE is going to be expressed using the MRPE model. In 
this study, we consider a Gaussian beam that propagates along the z axis. 

2.1. Matrix Rician pointing error model 

f pq h pBased on RPE model [34], we defined the matrix elements  pq of the matrix 
probability density function of MRPE f h  which induced PE factors matrix hp,p

pq(with matrix elements h p ) as 

2 2 pq  hp   
f pq h pq 

ξpq  –spq  spq pq p  = ------------------------ exp --------------- I0 
 ------------------- – wzeq ln --------pq 

----- 
 ,

2 2  2 
pq ξpq  2σpq    A0 2 spq A0  

pq pq
0  h p  A0  (2) 

where σpq is the PE displacement standard deviation matrix element at the receiver, 
σ 2 is the jitter variance matrix element at the receiver. The boresight displacementpq
matrix element spq is assumed to be expressed as 

1 pqs  -----w – w0  σ  (3)pq z pq2 
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where w pq is the beam width at z distance from the transmitter; w0 is the beam spotz 
radius at the transmitter (z = 0); it is defined as [28] 

λ 
w0  ----------- (4)

π α 

where λ is the light wavelength and α is the half of divergence angle. Equivalent 
pqbeam width matrix element w is related to the maximum fraction of the collectedzeq 

power matrix element (at r = 0), A0 
pq 

is the amount of ratio between aperture radius 
pqof receiver a with the beam width w matrix element νpq; the wave number k ; thez 

distance between the transmitter and the receiver L, and the refractive index structure 
parameter matrix element C pq through the following relations [28,34]:n 

pq
πA0pq pqw = w 2 ------------------------------------------ (5)zeq z 

2v exp –v2 pq pq 

2 
v = ------π----a----

pq 
--- (6)pq 

2wz 

 λ L pq 1 + εpq  ------------- (7)w = w0z 
 π w0

2  

εpq = 1 + 
22 w0--------------------

pq 2 ρ0

(8) 

pqρ0 = pq20.55 C k2 Ln 

– 3  / 5  

(9) 

pq
A0 = erf v pq 

2 
(10) 

and I0(ꞏ) is the modified Bessel function of the first kind with 0 order. 

pqwzeqξpq = ----------------- (11)
2 σpq 

represents the quantitative relation between the equivalent beam width and the jitter 
variance. 

2.2. Average pointing error 

Base on the PDF of Beckmann distribution express in [35,36], the n-th moment of hp 
pqderived on [34], we deduced the average matrix element PE hp by using MRPE as 

follows: 
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2 2 2 pq ξA0 2 ξ spq 
– 

pq pqpq = (12)h - exp p 2
w pq 

2 ξ 2 ξ1 + 1 + pq zeq pq 

The above equation is related to temperature and wind speed though the refractive 
2index structure parameter matrix element C pq 

n . Knowing that PE due to laser beam 
wander is related to large scale atmospheric turbulence, the jitter can be assumed to 
be the variance of large-scale atmospheric turbulence [10] such that, we can write: 

σ pq 
x 

2  pqσlnx
2 – 1 (13)2σ = = exppq 

pq  
n 

2 pqσlnx
22.3. and  expressionsC 

To describe beam at a given position z = L, the following parameters (input-plane beam 
parameters, and output plane beam parameters corresponding to the input-plane beam 
parameters) are usually used [10,37-39]: the curvature parameter θ0, the Fresnel ratio 
at the input plane Λ0, the radius of curvature F0 which specifies the beam forming, the 
radius of curvature at the receiver F, the beam spot radius at the receiver W, the Fresnel 
ratio characterizing the radius of Gaussian lens ΩG. Relations between the above pa-
rameters are given as follows: 

θ0 = L1 – ---------
F0 

Λ0 = 2L-------------
kW0 

(14) 

Λ = 
Λ0-----------------------

2 2
θ0 + Λ0 

= 2L-----------
kW









 





 

1 /2
W0 θ0

2 
Λ0

2
W += 

(15)λ
W0 

π α 









 

θ = 1 – θ 

θ0 Lθ = ----------------------- = 1 – -------
2 2
θ0 + Λ0 

F (16) 

16LΩG = -------------
k D2 

where θ is the output-plane beam parameter corresponding to the input-plan beam pa-
2rameter θ0, D is the diameter of the receiver lens.  pqσlnx matrix element is expressed as 
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21 pq 2  pq 2  ΩG – Λ 2  1 1
σlnx D L = 0.49 σ1  -----------------------  --- – -------θ + -------θ   --

 ΩG + Λ   3 2 5  

 pq 7/6η x ----------------------------------------------------------------------- (17)
7/6

 pq 2 – θ 1 0.40  η ----------------------- + x ΩG + Λ  

pqwhere η  is artificial matrix elements variable defined asx 

pq 1  1 1 1 2
–6/7  

η = -------------------------------------------------- – -------θ + -------θ x 
 pq 12/5 3 2 51 0.56  σ B   + 

2 2 pq  pqMatrix elements σ B  , σ 1  are Rytov variance for Gaussian-beam wave and 
plane wave, respectively. They are expressed as 

 
 pq 2  pq 2  2 σ B  = 3.86 σ 1   ---

 5  
 7- 2 2 6 pq  pq
 σ 1  = 1.23 C  k Ln 

2 

6/7  
 pq 2
σ B  (18)
 pq 2σ 1  

 pq
where C   is the refractive-index structure matrix parameter element. The relation-n 
ship between refractive-index structure and temperature structure CT

2 provided by [40] 
is expressed in Eq. (20). P(h) is pressured at altitude h expressed in Eq. (21) (interna-
tional barometric leveling formula). T (h) is temperature at altitude h expressed in 
Eq. (21) using Reynold decomposition where T h  is the Reynold mean and T' (h) the 
temperature fluctuation at h altitude. 

Experimental study was made by [41] using Monin–Obukhov similarity functions 
for the structure parameters of temperature, to provide an analytical expression which 
relates temperature structure CT

2 to some characteristic atmospheric parameters. That 
analytical expression for unstable atmospheric conditions is as follows: 

 
 pq 2

 C  = n 
 
 

1 2+ θ2 + 4Λ2 

11 
6 

5 
12 

cos 
5 1 2θ---tan–1--------+----------- 
6  2Λ  

5  
-11 6  

– -------Λ 6  
 

(19) 

2 
P h   

CT
279  10

–6 -----------------
T h   

2 (20)
2 2 – ---- ---- 3T*  h 2 3 = ---------------------- 1 – ---------CT 2

- CT1  k0 CT2 -----  L0 
 k0h 3 
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where CT1  and CT2 are constants which were determined experimentally, k0  is the 
Von Karman constant, h is the measurement height. T*, L0, u*, are surface-layer tem-
perature scales, Obukhov length scale, friction velocity, respectively, and are defined 
in Eqs. (21) and (22). The prime denotes the turbulent fluctuations, while the overbar 
denotes the Reynolds average, u, and w denote the stream wise and vertical velocities, 
respectively. 

5.255  0.0065hP h  = 1013.25 1 – -----------------------  288.15  
(21)T h  = T h  + T'   h 

 HT* = – --------------------------
 ρair Cp u* 

where H is the surface sensible heat fluxes (Wm–2), ρair is the air density, g is the grav-
itational acceleration, q is the specific humidity, Cp is the air specific heat capacity at 
constant pressure [42] given by 

3
 
L0 = 

T u* -----------------------------------------------------------------
 
 

k0 g w'  T' + 0.61T w'  q'   

 
 
u*  
 

= 
 hrg  

k u ln - --------r 
h  

(22) 

C p 
 
 

= 10 
–10 

T 
4 

T 
3 

T 
2

1.9327  – 7.999  10 
–7 

+ 1.1407  10 
–3 

– 4.4890  10 
–1 

T + 1.0575  10
3 

where kr is the Von Karman constant and hrg is the roughness length. The average 
pqPE matrix element hp and its dependence with temperature T, wind velocity u and 

antenna height h have been established through all the above equations. The following 
section presents results related to our purposes. 

3. Results and discussion 

This section shows how wind velocity and temperature influence PE gain; and what hap-
pens when we change antennas height and the distance between the transmitter and 
the receiver. 

3.1. Wind speed and temperature effects on PE with L = 80 m  and  h = 35 m  

Figure 3 shows coupled effects of wind speed and temperature when the distance be-
tween the transmitter and the receiver is 80 m and for antennas height of 35 m. This 
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Fig. 3. Coupled effects of wind speed and temperature on PE with L = 80 m and h = 35 m. 

figure presents an axial symmetry passing through the temperature of 375 K. Three 
principal zones are highlighted, and each zone is characterized by its average PE gain 
and delimitations through temperature and wind speed axis. 

In the following, abbreviations Zi (Z for the abbreviation of zone; the index i cor-
responds to a specific zone represented in Fig. 3) and Zi(T, U, PE), (for a specific point 
of zone i; T, U, PE for temperature, velocity and PE components, respectively) are go-
ing to be used. 

The highest average PE gain about [0.8 – 0.9] is observed in Z1 zone, and the low-
est at zone Z3 is about [0.0 – 0.1]. Zone Z2 with PE factor between 0.12 and 0.79 is 
intermediate. One general observation is a nonlinear distribution of PE coefficients ac-
cording to temperature and wind speed. When considering a fixed temperature  of  
375 K and following the vertical symmetry line (increased wind speed) in Fig. 3, we 
successively pass-through zone Z3 (characterized by lowest PE gain), Z2 (character-
ized by intermediate PE gain), Z1 (characterized by highest PE gain) then through Z2 
(characterized by intermediate PE gain). The above data show that for a region with 
high temperature (375 K) and low wind velocity (0.1 m/s); if the wind of that region 
increases naturally or artificially from 0.1 to 9 m/s, it is going to increase PE gain from 
about 0.1 to 0.65. If that wind velocity still continues to increase from 9 to 30 m/s it 
is going to increase PE gain from about 0.75 to 0.9. However, if that wind velocity 
still continues to increase until it reaches 100 m/s, it is going to reduce PE gain until 
its lowest value. The distribution of PE gain according to temperature and wind speed 
represented in Fig. 3 also reveals four horns (C1, C2, C3, C4) characteristic of zones 
where PE gain tends to zero; and a mixed broken line (line D) is passing through Z1. 

Misalignment or PE can occur due to a variety of reasons, such as swinging build-
ings, earthquakes, and heavy wind [43]. However, we generally omitted to add laser 
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beam wander phenomena as another potential cause of PE [44] during atmospheric 
turbulence. The beam wander which induced PE occurs when the size of eddies is larger 
than the optical beam size as shown in Fig. 1. In fact, atmospheric turbulence can be 
seen as combined effects of thermal turbulence due to thermal instability, characterized 
by Rayleigh number and dynamic turbulence due to wind speed instability character-
ized by Reynolds number or by average turbulent kinetic energy per unit mass. That 
coupled effect of temperature and wind speed on PE can be explained by the fact that, 
for wind speed range of 0.1 to 9 m/s, at 375 K, the amount of turbulence large cells 
increases and causes the bend of laser beam. When wind speed increases from 9 to 
30 m/s, PE gain increases from about 0.75 to 0.9, what can be explained by the fact 
that wind speed has the effect of dissipating thermal instability due to high temperature. 
However, over 100 m/s, PE gain is reduced until its lowest value due to the fact that 
Reynolds number reaches a critical value from which dynamic turbulence arises, so it 
appears to be a combined effects of thermal and dynamic turbulence which decrease 
PE gain. 

Now, when considering the fixed wind speed of 50 m/s, and the increase in tem-
perature, we observe that temperature can also reduce or increase the effect of dynamic 
turbulence concerning the amount of turbulence large cells which cause laser beam 
bend or PE. It is decreasing PE for some ranges of temperature and increasing PE for 
other temperature ranges. We observe that for low temperature (from 125 to 150 K) 
under wind speed of 50 m/s, we are in zone Z3 (lowest PE gain). When increasing tem-
perature from 150 to 225 K, we inter to the zone Z2 (characterized by intermediate 
PE gain). For temperature range of 225 to 525 K under wind speed of 50 m/s, we are 
in zone Z1 (characterized by highest PE gain). However due to symmetrical behavior 
of PE distribution, we fall again in zone Z2 when we go beyond 525 K. That behavior 
can be explained by Rayleigh number which is characteristic of thermal instability or 
stability. In fact, 125 K could correspond to a frozen and icy atmosphere, it can also 
correspond to snow rain. Knowing that snow has a given refractive index, the natural 
or artificial increase in temperature will cause the snow to melt into water and then 
into steam. These different passages of atmospheric state, from the solid to vapor, will 
induce variation of the number of large size eddies through the variation of the refrac-
tive-index structure. The above facts could explain these PE gain variations. 

3.2. Wind speed and temperature effects on PE with L = 80 m and h = 30 m 

When changing antennas height from 35 to 30 m, and letting unchanged the distance be-
tween the transmitter and the receiver, the general shape of PE distribution according to 
wind speed and temperature remain unchanged as showed in Fig. 4. The symmetry, the 
three zones and four horns are still observed. However, we observed the reduction of the 
area of zone Z1 (characterized by highest PE gain) in the profit of zones Z2 (characterized 
by intermediate PE gain) and Z3 (characterized by lowest PE gain). In addition, we ob-
served that the broken line D becomes a solid line. More specifically, the point zone 
Z1(325 K, 100 m/s, 0.85) for antennas height of 35 m becomes Z3(325 K, 100 m/s, 0.02) 
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Fig. 4. Coupled effects of wind speed and temperature on PE with L = 80 m and h = 30 m. 

when antennas height decreased from 35 to 30 m. That is to say, when we reduced an-
tennas height by 5 m, the PE gain decreased from 0.85 to 0.02. 

In fact, as soon as a fluid is fast transported on a roughly surface, it exchanges heat 
and the amount of movement nonlinearly by eddies. On the other hand, according to 
Taylor’s hypothesis, experimentally demonstrated by [45,46], the turbulence could be 
“frozen”; that is, the deformation of the vortices (eddies) due to the fluctuations is small 
compared to the advection due to the average velocity. So, under Taylor’ s frozen tur-
bulence hypothesis, an eddy travels with the mean wind speed, while its size and char-
acteristic parameters remain constant as shown in Fig. 2. Regarding the point zone 
Z1(325 K,100 m/s, 0.85) for antennas height of 35 m, by reducing antennas height 
from 35 to 30 m, the line-of-sight (LOS) between the emitter and the receiver directly 
enter in the “frozen eddies” which bend laser beam. As a result, we observed the de-
crease of PE gain from 0.85 to 0.02. The same explanation could be used for other 
points zones which have the same behavior. 

3.3. Wind speed and temperature effects on PE with L = 85 m and h = 30 m 

When changing the distance between the transmitter and receiver from 80 to 85 m, and 
letting the unchanged antennas height unchanged, the general shape of PE behavior 
according to wind speed and temperature is slightly changed as shown in Fig. 5. The sym-
metry is broken, and rather than of four horns, we now observe two. The three principal 
zones are still observed. However, we observed the reduction of the area of zone Z1 
(characterized by highest PE gain which is between 0.8 and 0.9) in the profit of 
zones Z2 (characterized by intermediate PE gain which is between 0.12 and 0.79) 
and Z3 (characterized by lowest PE gain which is between 0.0 and 0.1). But the zone Z3 
area is the most dominant. In addition, we observed that the broken line D becomes 
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Fig. 5. Coupled effects of wind speed and temperature on PE with L = 85 m and h = 30 m. 

a solid line and is translated towards regions of low temperatures. More specifically, 
the point zone Z1(375 K, 40 m/s, 0.85) for distance between the transmitter and the 
receiver of 80 m becomes Z3(375 K, 40 m/s, 0.02) when the distance between the 
transmitter and the receiver increased from 80 to 85 m. That is to say, when we increased 
the distance between the transmitter and the receiver by 5 m, the PE gain decreased 
from 0.85 to 0.02. 

Those decreases of PE gain could be due to the “frozen eddies”. In fact, when we 
modified the distance between the transmitter and the receiver from 80 to 85 m we in-
troduced the “frozen eddies” in the LOS of antennas. 

Generally, to establish an FSO link, technicians look for high rise buildings with 
direct visibility to install antennas there. The presence of frozen eddies in the direct 
visibility space will induce a decrease of PE gain. This is why our study suggests the 
installation of antennas with variable height (variable in all directions of space) and 
variable distance between the transmitter and receiver to get the link out of the frozen 
eddies zone as far as possible, in order to increase the PE gain. 

4. Conclusion 

The aims of this work were to study the coupled effects of temperature and wind speed 
on PE using matrix Rician pointing error (MRPE) model; then, to propose a new ap-
proach to reduce PE during FSO transmission in a turbulent environment. To achieve 
those purposes, average PE expression was established using MRPE. Then considering 
a Gaussian beam wave and Monin–Obukhov similarity functions for the structure pa-
rameters of temperature, explicit relationship was established between average PE, 
temperature and wind speed. It comes out of this study that there are nonlinear effects 
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of temperature and wind speed on PE. Under thermal turbulence, one can appropriately 
modify wind speed to reduced PE due to thermal instability. Reciprocally, under dynamic 
turbulence, one can appropriately modify temperature to reduced PE due to dynamic 
instability. Under specific atmospheric turbulence, an appropriate antenna height and 
the distance between transmitter and receiver choice led to reduced PE. Concerning 
turbulence strength which can be evaluated by the Rytov variance, our solution would 
be more efficient in case of weak and moderate large-scale turbulence. However, strong 
large-scale turbulence could be more difficult to handle. 
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