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The performance of communication systems based on free-space optical links depends on external factors such as
weather conditions. Among many atmospheric factors, turbulence can be the greatest challenge to performance.
The characterization of atmospheric turbulence usually involves expensive equipment known as a scintillometer.
This work presents a low-cost experimental setup for measuring the refractive index structure constant over water,
which results in a statistical model based on weather conditions. The turbulence variations with air and water
temperature, relative humidity, pressure, dew point, and different watercourse widths are analyzed for the proposed
scenario. ©2023Optica PublishingGroup

https://doi.org/10.1364/JOSAA.482633

1. INTRODUCTION

Most of the Amazon rainforest is in the Brazilian territory. This
region, of great worldwide importance, is made up of several
rivers and cities with a considerable number of inhabitants. As
an example, São Gabriel da Cachoeira, a town located 852 km
from the largest city in the region, Manaus, has a territory of
109,185 km2 and 41,031 inhabitants [1].

In 2015, the Connected Amazon Program (in Portuguese,
PAC—Programa Amazônia Conectada) was instituted [2],
whose objective is to bring a fiber optic infrastructure to iso-
lated cities located on the banks of the main rivers in the state
of Amazonas, Brazil. To date, 1.9 thousand kilometers of fiber
optic cables have been laid in the beds of the Solimões and
Negro rivers and already serve the large municipalities in this
region [3].

However, some small villages located close to the municipal-
ities served by the PAC still suffer from a lack of high-quality
data connections, as they are often separated from large
municipalities by dense forests or small creeks, making wired
connections unfeasible.

Faced with this scenario, the Brazilian Army, which is part
of the PAC and responsible for building the entire underwater
network infrastructure, felt the need to research viable solutions
with high data transmission capacity.

Free-space optics (FSO) is a technology with the potential
to provide high-rate communications. In addition, it also has
other advantages over fiber or radio communications: the
operating range does not require licenses, transmission is not

susceptible to interference from electromagnetic waves, there is
no need to install pipelines or even underground installations,
the instrumentation is relatively compact, and it has low power
consumption [4]. Furthermore, the FSO does not face the
difficulty of finding a free operating range within a crowded
electromagnetic spectrum. Currently, commercial FSO systems
are capable of transmitting data at a rate of up to 3 Gbps as long
as there is a direct target [5]. However, recent studies predict
rates of up to 400 Gbps [6]. With the advent of 5th generation
(5G) and 6th generation (6G) technologies, FSO transmissions
seem to have a very promising field of employment [7].

Although there are some point-to-point FSO solutions that
achieve high data rates, such as 10 Gbps, this technology is
still not used on a large scale. In addition to the considerable
cost of acquiring such equipment, its performance is limited
by external factors, such as base vibrations, rain, low visibility,
winds, and sudden temperature changes, among other atmos-
pheric factors [8]. Models for atmospheric attenuation are
well known [9,10] and easy to incorporate into a link power
budget, but dealing with atmospheric turbulence, which has
a random nature, requires a statistical approach [11,12]. In
a heterogeneous channel, such as in FSO links partially over
water, it is extremely difficult to build an analytical model that
describes atmospheric turbulence. The method proposed in
this work considers heterogeneous links, i.e., links mounted
partly over water and partly over ground. Some authors prefer
to develop a more practical solution to estimate the received
signal strength indicator (RSSI), based on empirical models
built from meteorological measurements [13–15]. However,
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this approach often ends up limiting the model to the conditions
of the experiment.

It is also possible to develop an empirical model only for
atmospheric turbulence [16]. In this case, the power balance
can be performed by including terms already well modeled,
such as geometric, atmospheric, and misalignment attenuation,
plus an equivalent term that represents the attenuation caused
by turbulence effects (mostly scintillation). The problem with
this approach lies in the question of how to measure atmos-
pheric turbulence. Many times, a scintillometer is used [17,18].
Unfortunately, this equipment has a very high cost, which
makes it prohibitive for some researchers. The refractive index
structure constant C 2

n is the most used parameter for measuring
atmospheric turbulence. There are several ways to obtain this
parameter, such as the optical power triangulation method [19]
or using ultrasonic anemometers [20,21] or electro-optical
sensors [22].

This work aims to present a methodology for constructing a
low-cost statistical model to measure atmospheric turbulence,
using the relationship between C 2

n and the temperature struc-
ture constant C 2

T expressed in [11]. As a proof of concept for the
method, we developed a statistical model for a scenario where an
FSO link is established in a route partially over land and partially
over water. This scenario was inspired by the Amazon region,
where several cities were established on the banks of large rivers.
The proposed methodology can be used in any region to model
C 2

n based on temperature conditions. At the end of this work, a
regression model is proposed that can be used in scenarios over
flooded areas to obtain nocturnal turbulence, if the climatic
parameters are available.

To achieve this goal, this work is organized as follows.
Section 2 provides the theoretical background behind the FSO
and its performance under atmospheric turbulence. Section 3
describes our experimental setup, used as a proof of concept.
Section 4 analyzes the results. Finally, Section 5 presents the
conclusion.

2. FSO LINKS UNDER ATMOSPHERIC
TURBULENCE

Most optical communication systems use beams whose radia-
tion profile can be modeled as Gaussian. This model is directly
related to one of the most important wave solutions for the
Helmholtz paraxial equation, which considers the fundamental
mode of propagation (TEM00), when the beams are originated
by lasers or LEDs [23,24]. For a circular Gaussian beam propa-
gating along free space, disregarding losses, the optical power
intensity can be observed through the irradiance profile I , using
a cylindrical coordinate system (ρ,φ, z), given by [25]

I (ρ, φ, z)= A2
0

r 2
t

r 2
L(z)

exp

[
−

2ρ2

r 2
L(z)

]
, (1)

where A0 is a constant related to the beam energy, r t is the
radius of the transmitter, and r L is the radius of the beam at the
observed point z.

It is noted that the radius of the beam width r L , also known
as spot size, represents the distance from the center where
the irradiance decreases 1/e 2 of its maximum. A widely used

approximation is r L(z)= r t +
θz
2 , where θ is the angle of

divergence of the beam [26].
The power leaving the transmitter (Ptx) can be written as [27]

Ptx =

∫
∞

0

∫ 2π

0
I (ρ, φ, z) ρdφdρ =

A2
0r 2

t π

2
. (2)

The received power (Prx) depends on the link alignment,
atmospheric attenuation, transceiver losses, atmospheric
turbulence, and the receiver’s geometry. In dB, it is obtained
by [28]

Ptx = Prx + αgeo + αatm + αsci + αTR, (3)

where αgeo is the geometric and misalignment attenuation, αatm

is atmospheric attenuation, αsci is scintillation attenuation, and
αTR are losses in the fiber–telescope interface of both transceiv-
ers. Usually, this loss ranges from 1 to 2 dB for each transceiver.

Every FSO link is subject to geometric attenuation. Due to
diffraction, the beam will expand into the atmosphere and some
of the energy will not be detected by the receiver. If there is mis-
alignment, there will be even more attenuation. The geometric
and misalignment attenuation of a circular Gaussian beam can
be given as [25]

αgeo =−10 log

[
1− Q1

(
2d
r L
,

2rr

r L

)]
, (4)

where d is the total misalignment, rr is the receiver aperture
radius, and Q1 is the first order Marcum Q-function.

Atmospheric attenuation depends on absorption and scatter-
ing caused by particles that are suspended in the air. A very sim-
ple and widely used model in the literature is to make [29]

αatm = 10 log(τa + τb) , (5)

where τa and τb are the transmittances related to absorption and
scattering, respectively. τa can be written as [29]{

τa = exp
(
−Ai .
√
wa

)
, ifwa <wi ,

τa = ki .
(
wi
wa

)βi
, ifwa >wi ,

(6)

where Ai , ki , βi , andwi are constants tabled in [29], andwa is a
water precipitation measure. τb can be written as [10]

τb = exp

{
−L ·

[
3,912

V
(550)δ · λ−δ + C2 · λ

−4

]}
, (7)

where, typically, C2 = 0.00258, V is the air visibility in km, L
is the length of the link, and δ is the size distribution coefficient
of scattering, which can be determined by Kim’s model [10].
Depending on the local weather conditions, an extra term can
be included to represent attenuation by rain, snow, or smoke
[8,9,30].

A. Atmospheric Turbulence

Scintillation attenuation is a direct consequence of atmospheric
turbulence. The atmosphere is a very complex fluid, with vari-
ations in temperature and pressure at different points. Due
to these gradients between the surface and the atmosphere,
air pockets with different refractive indices are formed. These
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small air pockets act as prisms, causing deflection and even-
tually constructive or destructive interference. Atmospheric
turbulence is a random phenomenon that represents the level
of heterogeneity of this fluid. In addition to temperature and
pressure, the refractive index of air depends on the wavelength,
humidity, and molecular composition of the air. For the FSO
range of interest, random variations in temperature and pressure
are much more relevant. Thus, the refractive index at a point R
can be written according to Eq. (8). However, as atmospheric
pressure variations are normally very small, the temperature
becomes the main factor for the refractive index characterization
[8,11,31]:

n(R)≈ 1+ 79 · 10−6 P (R)
T(R)

, (8)

where n is the refractive index, P is the pressure in hPa, and T is
the air temperature in K.

To deal with this random characteristic of air in relation to
temperature, a statistical approach is needed. This approach
has its origins in Kolmogorov’s classical theory of turbulence,
developed in the 1940s to study fluctuations in the velocity of
a fluid. According to this theory, a turbulent fluid has coherent
structures of vortices or eddies of different sizes, where there
is a transfer of energy from the larger ones (macro-scale L0) to
the smaller ones (micro-scale l0) in a cascade effect. These ideas
were used to also characterize scalar quantities, such as tempera-
ture variations. Considering these homogeneous and isotropic
fluctuations, it is possible to write a structural function for the
temperature distribution. As the refractive index is related to
temperature through Eq. (8), it is also possible to write a struc-
tural function and define a structural constant for the refractive
index [11].

The refractive index can be written as a random field in space
in the form n(R)= 1+ n1(R), where n1 is a null-mean random
variable that represents variations in the index. Considering
the homogeneous and isotropic field, the covariance function
of n1 is dependent only on the scalar distance between two
points in space (R = |R1 − R2|). Thus, the structural function
becomes [11]

Dn(R)= 2 [Bn(0)− Bn(R)]=
{

C 2
n R2/3, l0� R� L0

C 2
n l−4/3

0 R2, R� l0
,

(9)
where Bn is the covariance function of n, the limits l0 and L0

represent the scale range for the turbulent eddies, where it is
valid for homogeneous and isotropic media. The refractive
index structure constant C 2

n , also known as the structural
parameter, is the most important parameter in the classifi-
cation of a turbulent atmosphere. This parameter can be
estimated using one of several models or measured using a
scintillometer [8].

The fact that the refractive index is a random variable leads
us to seek a solution to the stochastic Helmholtz equation.
As a closed solution for this equation is not yet known, two
approximate and limited approaches, known as Born and Rytov
approximations, have been proposed. By statistically analyzing
both solutions, through the modeling of their moments up to
the fourth order, it can be seen that the irradiance profile of a
beam propagating along the turbulent channel suffers a series

of distortions in relation to Eq. (1). It is worth highlighting the
three main negative effects of atmospheric turbulence: beam
scintillation, beam wander, and beam spreading [11].

Beam wander can be interpreted as the random occurrence
of small angular deviations of the beam in the receiving plane.
These deviations generate a wandering movement in relation to
the reference center. Thus, beam wander is characterized by the
variance of these deviations from the center. In beam spreading,
there is a relative increase in the divergence of the beam. It is
common to build a model based on long- and short-term obser-
vations. When computing long-term wandering and spreading
motions, the expected value for the beam radius is greater than
the radius without turbulence effects. These movements are
related by [31]

WLT =

√
W2

ST +
〈
r 2

c

〉
, (10)

where WLT is the long-term radius, WST is the short-term radius
(instantaneous widening), and

〈
r 2

c

〉
is the variance of beam

deviation.
The beam wander variance (

〈
r 2

c

〉
) and the structural param-

eter of the refractive index have an empirical relationship
[Eq. (11)], which is suitable for weak and intermediate
turbulence [11]: 〈

r 2
c

〉
= 2.42C 2

n L3W−1/3, (11)

where W = r L√
2
.

However, the main consequence of turbulence to link per-
formance is the scintillation effect. Scintillation causes the
receiver to detect temporal or spatial variations in the beam’s
irradiance profile and, consequently, in the received power.
This means that the irradiance profile, in reality, is a random
variable represented by a probability distribution function, such
as log-normal, gamma–gamma, I-K, Exp. Weibull, M, among
others. In practice, when making a link power budget, we can
work with the concept of equivalent scintillation attenuation.
Some simplified models propose deterministic approximations
for this quantity [32–34]. More accurate results for calculating
this parameter for specific cases are presented in [12].

B. Method for Measuring C2
n

To compute the equivalent scintillation attenuation, some
knowledge of C 2

n is required. Andrews and Phillips [11] propose
a very low-cost technique for measuring C 2

n based on atmos-
pheric parameters. For Kolmogorov turbulence, they define
the temperature structure constant C 2

T and the refractive index
structure constant C 2

n as, respectively [11],

C 2
T =

〈[
T(Ex )− T(Ex + Er )

]〉
r−2/3, l0 ≤ r ≤ L0, (12)

C 2
n =

〈[
n(Ex )− n(Ex + Er )

]〉
r−2/3, l0 ≤ r ≤ L0, (13)

where the symbol 〈.〉 denotes an ensemble average, T is the
atmospheric temperature in K, n is the refractive index, Ex and Er
are spatial position vectors, and r is the amplitude of Er .

The relationship between the temperature structure constant
C 2

T and the refractive index structure constant C 2
n is expressed as

[11,35]
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C 2
n =

(
79× 10−6 P

T2

)
C 2

T , (14)

where P is the atmospheric pressure in hPa.

3. EXPERIMENTAL SETUP

As a proof of concept for the proposed method, we were inspired
by a typical scenario of the Amazon region, where the link could
connect two points on opposite banks over a large river. In this
scenario, there is great heterogeneity in the medium, as part of
the link will be over water and part over land. Thus, we designed
a reduced experimental setup simulating this scenario. An out-
door FSO link was established, 70 cm above a pool, as can be
seen in Fig. 1.

Nine days of experiments were carried out at night. All experi-
ments had a link length, L , of 4.5 m. However, for each day, the
length of the link over water,w, was varied. Table 1 presents, in
the second column, the ratio between the length of water and
the length of link, w/L , for each test performed, as well as, for
the other columns, the range of daily variation of some atmos-
pheric parameters, such as air temperature (Tair), water–air
temperature difference (Di f ), relative humidity (R H), pressure
(P ), and dew point (DP ).

To measure the temperature and relative humidity of the
environment, four AM2302 DHT22 sensors, from the manu-
facturer Aosong (Guangzhou) Electronics Co., were used along
the link. The link humidity was calculated by the arithmetic
mean of the four measurements. However, to calculate the
value of C 2

n using the method presented in Section 2.B, only
the temperature measurements of the sensors located at the
ends of the link were used. During all experiments, the water

Fig. 1. Experimental setup for measuring C 2
n in an FSO transmis-

sion over water.

temperature was also measured, using a DS18B2O sensor, from
the manufacturer Dallas Semiconductor.

All sensor data were collected using an Arduino UNO and
were processed in MATLAB R2002a software. Other atmos-
pheric parameters, such as dew point and atmospheric pressure,
were collected from the meteorological station at Jacarepaguá
airport, located 2.5 km from the place where the experiments
were carried out.

In the experimental setup, a real transmitter was used. An
optical telescope, consisting of a circular plano–convex lens with
a radius of 2.1 cm, was built by our team. The optical source was
a 980 nm pump laser with a power of 15.3 dBm. Due to the link
distance, the source was attenuated to−10 dBm using a variable
attenuator.

Using the method presented in Section 2.B to correctly meas-
ure turbulence, it is possible to define statistical models of C 2

n
using meteorological data. As input to the model, we will con-
sider the air temperature and atmospheric pressure, according to
Eq. (8), plus other parameters that will depend on the scenario.
The next section presents a proof of concept and its results.

4. RESULTS AND DISCUSSION

The first test was carried out with the length of the link com-
pletely over water. It is common to have a large temperature
difference between rivers and the air in the Amazon region.
Hence, we decided to analyze the influence of this temperature
difference on the C 2

n measurements. The average air tempera-
ture was colder than the water. Figure 2 presents the result for the
log(C 2

n) over time. On the right vertical axis, it is also possible
to verify the temperature difference between water and air over
time. A strong positive correlation between the log(C 2

n) and the
temperature difference can be noted. These results are in agree-
ment with [15,36], where strong positive correlations between
these two parameters are also found, which confirms the strong
influence of the temperature difference between water and air
on atmospheric turbulence.

We believe a strong turbulence profile was obtained due to
the differences in terrain (water and ground), which maximize
the temperature differences (water, ground, and air), especially
after sunset, when temperature inversion between water and air
occurs.

For the statistical modeling of an FSO link over the sea, some
atmospheric parameters are commonly used as input parame-
ters. In Lionis et al . [14], these parameters are: air temperature
(Tair), pressure (P ), dew point (DP ), relative humidity (R H),

Table 1. Conditions of the Experimental Tests

Trial w/L Tair(K) Di f (◦C) R H (%) P (hPa) DP (◦C)

1 1.0 290.89–292.23 3.90–5.46 70–81 1019 13
2 0.8 291.68–295.05 1.72–4.66 65–84 1017 16
3 0.7 295.48–297.84 −0.02–2.51 73–87 1007–1009 21
4 0.6 294.25–298.95 1.39–4.71 77–99 1014–1016 19
5 0.5 292.55–296.95 3.01–6.85 65–83 1019–1021 21.00
7 0.4 293.35–296.95 1.76–4.92 76–94 1014 19
6 0.4 293.64–296.95 3.67–6.25 74–89 1011–1014 21
8 0.3 293.08–294.53 3.86–4.99 64–88 1022 15
9 0.2 293.35–296.95 1.76–4.92 76–94 1013–1015 21
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Fig. 2. C 2
n and water–air temperature difference over time.

wind speed (W S), and solar radiation (SF). In our model, we did
not consider WS or SF, since the experiments were carried out
at night and in an environment where the wind was measured
as null. However, our first test showed that the scenario would
be better characterized if we also considered the temperature
difference between water and air. Thus, this temperature dif-
ference was also used as an input parameter and named Di f .
Furthermore, the width of the river (w) and the total length
of the link (L) were also considered. It was decided to include
these two parameters as the relation w/L . Having these input
parameters and using the method of Section 2.B to calculate C 2

n
as output, a prediction model can be obtained, such as the one
presented in Fig. 3.

The data collection was made for almost 3 months. Nine
trials were performed for different wet section lengths and fixed
link lengths. Most tests ran in 10 h each; only one ran in 5 h.
Measurements of Tair, Di f , and R H were taken from sensors
at the experiment site. Measures of DP and P were taken at a
nearby meteorological station. The way in which atmospheric
parameters were collected on each day was identical for each test
day. The ranges of values for each environmental parameter are
presented in Table 2.

Fig. 3. Modeling of the system to predict C 2
n in heterogeneous

scenarios.

Table 2. Atmospheric Parameter Values

Parameter Min. Value Mean Value Max. Value

Tair (K) 290.89 294.48 298.95
Di f (◦C) –0.02 3.86 6.85
R H (%) 65 79.91 99
P (hPa) 1007 1015.25 1021
DP (◦C) 13 18.5 21
w/L 0.2 0.59 1
log(C 2

n ) –12.41 –11.89 –11.66

Fig. 4. Comparison of the calculated and observed log(C 2
n ) for the

nine test days.

The expression given by Eq. (15) can be used in any region,
as long as the atmospheric parameters have values close to those
represented in Table 2 and that the measurements of C 2

n are over
water.

A. C2
n Statistical Modeling

From the data collected during this experimental procedure, a
second-order prediction model for log(C 2

n) was built, using the
least squares method. Our regression presented an R-squared
parameter value of 0.955982, which represents a great similar-
ity between the measured and predicted values. The resulting
regression model is given as

log(C 2
n)

= 225.711− 1.704 · Tair + 3.01× 10−3
· T2

air

− 9.544× 10−3
· R H + 1.536× 10−4

· R H2

−4.012× 10−2
· Di f + 6.642× 10−3

· Di f 2

+ 1.866× 10−2
· P−1.820 · DP + 4.976× 10−2

· DP 2

+ 2.249 · (w/L)− 2.737 · (w/L)2.
(15)

Aiming to compare the built model (blue line) with the mea-
sured values (red line) of log(C 2

n), the data from all test days are
plotted in Fig. 4.

The eighth day of testing was performed in a shorter time,
but this fact did not interfere with the construction of Eq. (15).
In this comparison, the RMSE is 0.044822 and the maximum
error is 2.58% of the observed log(C 2

n), which represents a very
satisfactory result.

It is interesting to observe the isolated behavior of two impor-
tant parameters of this modeling. In Fig. 5(a), it is possible to
verify the variation of log(C 2

n) in relation to Di f , considering
six measures of w/L and average parameters of Tair, P , R H,
and DP . The curves have the expected behavior, according
to the literature [36]. In Fig. 5(b), it is possible to verify the
variation of log(C 2

n) as a function of w/L , considering four
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Fig. 5. Effects of Di f andw/L on turbulence.

measures of Di f and average values of the other atmospheric
parameters described above. The relation w/L presents a par-
ticularly interesting and intuitive effect, in which the log(C 2

n)

is maximized when w is 40% of L , i.e., a proportion close to a
scenario as heterogeneous as possible. This last finding confirms
the assumption that the watercourse will negatively affect the
performance of the link, especially if there is a link proportion of
approximately 40% between river and land.

In [15], an FSO link was established at 35 m above the water
level; the correlation between the value of C 2

n obtained by
Eq. (15) and the RSSI value obtained in [15] was−0.91 on aver-
age, considering all test days. This fact leads to the conclusion
that the method provided by Eq. (15) can also work at a height
of 35 m above sea level.

Although the values found from Eq. (15) are high when com-
pared with the values of methods established in the literature,
it is important to emphasize the high correlation between the
vectors obtained by Eq. (15) and the RSSI values obtained by the
method found in [15], R2

= 0.7. This fact shows that the model
proposed here is capable of providing the behavioral variations
of the C 2

n curve over time.

5. CONCLUSIONS

In this paper, a low-cost methodology for measuring the struc-
tural parameter of the refractive index was presented. This
parameter allows the use of simple models to describe the influ-
ence of atmospheric turbulence on the performance of an FSO
link. With this information, it is possible to carry out a much
more complete power balance, even in very heterogeneous
scenarios, where the construction of an analytical model would
be very difficult. It was possible to verify the negative impact of
watercourses on the performance of an FSO link. Conditions
of a temperature difference between water and air above 3◦C, in
addition to a relationship close to 40% between link length and
river width, act as maximizers of turbulence.

Through these procedures, it was also possible to build and
validate an empirical model, based on meteorological measure-
ments performed in an outdoor environment. This low-cost

methodology can be used in the most diverse scenarios, whether
in a controlled environment or an external environment.
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