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Abstract: Recently, FSO (Free-Space Optical Communication) has received a lot of attention thanks to its
high data-rate transmission via unbounded unlicensed bandwidth. However, some weather conditions lead to
significant degradation of the FSO link performance. Based on this context and in order to have a better
understanding of the capabilities of FSO communication in a coastal environment, the effects of temperature
and humidity on an FSO system are investigated in this study. An experiment is conducted using an
open source FSO system that achieves a transmission rate of 1 Gbit/s at a distance of 70 m. Two new
mathematical models are proposed to represent the effects of temperature and humidity on our developed
FSO system operating at a wavelength of 1550 nm. The first model links the FSO attenuation coefficient
to the air temperature in coastal regions, while the second model links the FSO attenuation coefficient to
the humidity and the dew-point temperature. The key finding of this study is that FSO links can achieve
maximum availability in a coastal city with normal variations in temperature and humidity.
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1 Introduction problems or congestion in a backhaul network, point-

to-point or point-to-multipoint FSO has been pro-

Research interest in FSO and UWOC (Underwa-
ter Wireless Optical Communication) is increasing
rapidly'). By using a light beam, FSO can transmit
and receive data, voice, and multimedia information
through the free space in an LOS (Line-of-Sight) po-
sition. FSO provides data transmission rates ranging
from 100 Mbit/s to 1.2 Thit/sPl. In addition, it is
a license-free bandwidth-effective and cost-effective
technology compared to RF (Radio Frequency) and

optical fiber technologies®). In cases of bottleneck
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posed for use in different topologies as an attractive
solution to satisfy the requirements and QoS (Qual-
ity of Service) needs of new traffic[*.

However, FSO systems suffer from degrada-
tion in the link quality owing to several weather
conditions(®. Owing to atmospheric variation across
the FSO links, many researchers have focused on
the visibility between FSO transceivers. For exam-
ple, the effects of fog and sandstorms were investi-

gated in Ref. [7] based on measurements recorded
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outdoors in different countries. The impact of fog
was investigated through a simulation in a prepared
area using a theater smoke machine in Ref. [8].
The work in Ref. [9] focused on the effect of sand-
storms. Similarly, Ref. [10] investigated the avail-
ability and link budget of FSO channels based on the
visibility between the FSO transceivers under differ-
ent weather conditions. In addition, studies have
shown that the optical attenuation coefficient over
an FSO link can reach 120 dB/km in moderate fog
and, 480 dB/km in dense fog in winter''?.  So,
as an efficient solution to increase the FSOs links
availability and reliability when critical weather con-
ditions arise, hybrid systems have been proposed
with a backup link to complement the prime FSO
link. For example, in Ref. [13] the researchers mea-
sured the availability of a hybrid system comprised
of an FSO main link and 40 GHz backup link. The
availability of the proposed hybrid system reached
99.92% compared to the 96.8% availability of the
FSO link alone.

There are many factors that degrade FSO chan-
nels depending on the local environment. Conse-
quently, there exists an essential need to investigate
the performance of FSO channels under different at-
mospheric conditions. In this work, we characterize
the effect of a coastal environment on FSO chan-
nels. In particular, our analysis clarifies whether the
temperature and humidity conditions are suitable for
FSO systems, and is beneficial to future performance
analyses in coastal locations or similar environments.
Moreover, this analysis will be beneficial conduct-
ing more performance analysis for coastal locations
or similar environments. For this purpose, we de-
rived two mathematical models based on our mea-
surements that show the relation between tempera-
ture, humidity and link attenuation.

The structure of this paper is as follows: a theoret-
ical analysis of meteorological definitions is derived
in section 2, the experimental setup is discussed in
section 3, the experimental results are analyzed and
compared with the theoretical analysis in section 4,
and the conclusion and future work are discussed in

section 5.

2 Theoretical analysis of the attenua-

tion model

2.1 Meteorological analysis

Humidity is the amount of moisture or water vapor
present in the air. Water vapor is the gaseous state
of water and is invisible to the human eye as shown
in Fig. 1. At the dew point temperature (Tp), the air
must be cooled to become saturated with water va-
por. In this situation, some of the water vapor must
condense to form liquid dew. One way to measure
humidity is by using the relative humidity (Rg). Ry
is the ratio of actual vapor density to the maximum
saturated density, depending on the current air tem-
perature (T). When Ry approaches 100%, the air is
completely mixed and saturated with water vapor.
Consequently, rain will occur. Ry can be defined as

_ Current absolute humidity

Ry = — —— x 100. (1
Highest absolute humidity (1)
water in gas state at dew
temperature water vapors

Figure 1 Vapor at dew point when Tp is close or equal to

normal temperature T'

At Tp, the saturated air cools, causing some of the
water vapor to condense and become liquid (dew).
Many researchers have studied the relations between
Ry, Tp, and T. There is a very simple approxima-
tion that allows for a conversion between the dew-
point temperature, current temperature, and relative

humidity:
Ry =100 —5(T — Tp). (2)

This approach is accurate to within about +1°C
as long as the relative humidity is above 50%!13l. A
more accurate equation from Ref. [14] represents the
relative humidity in terms of Tp and T

exp(17.625 x Tp/(243.04 + Tp))
" exp(17.625 x T/(243.04 + 7))

The following model is proposed in Ref. [15]:

x100.  (3)

T
Ry = K?D x 100, (4)
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where K is constant. Based on our measurements
and Ref. [15], K = 0.97.

All of proposed models show an inverse relation
between Ry and T, which will be explained in the

experimental results and analysis section.

2.2 FSO attenuation in terms of coastal

temperature

To the best of our knowledge, no previous work has
characterized the effect of temperature in a coastal
environment. Based on Ref. [10], if 7 is the link
attenuation coefficient in dB/km and T is the air
temperature, the attenuation coefficient is always in-
versely proportional to the temperature at that time.
Therefore, the relation between T" and ~y can be mod-

eled as

dy
ar < (=) (5)

With some manipulation, we represent Eq. (5) as

dy = —bdT, (6)
v
where the negative sign represents the inverse rela-
tionship between « and 7', and b is constant. Inte-
grating both sides of Eq. (6) within the temperature
range (0 to T) leads to

v T
/ __ / bdT, 1)
vo Y 0

Thus, the general model linking the temperature to

the attenuation coefficient can be written as
v=ce "7, (8)

where ¢ = 1/7¢ is a constant. The constants ¢ and
b can be obtained for any temperature from the ex-
perimental measurements. In addition, ¢ and b are

wavelength-dependent.

2.3 FSO attenuation in terms of coastal
relative humidity
Moisture in the atmosphere will absorb some of the

transmitted optical power, depending on the volume

and quantity of water vapor present in the air. To

derive a model that shows the relation between the
FSO link attenuation coefficient and the relative hu-

midity, we insert Egs. (2)-(4) into Eq. (8), leading

to
Model 1: y = ce?(Tp+(100=Ru)/5) 9)
Model 2:
v =cexp | —b243.04
17.625 x Tp Ry
OB log(i)
243.04+Tp 100 (10)
Ry 17625 x Tp |’
17.625 + log(—) — ——
T18(300) ~ 213,00+ 1
Model 3: v = ce™?KTo /B, (11)

In the experimental results and analysis section, we
will investigate the best model for a coastal envi-
ronment in terms of the RMSE (Root Mean Square
Error) and the goodness of fit R2.

3 Experimental setup

We designed and integrated a complete mobile FSO
system. This system was deployed in less than an
hour. The system comnsists of two carts, and each
cart consists of a breaking system, two Koruza units,
wireless modems with data SIM (Subscriber Identifi-
cation Module) cards, a weather station, a deep cycle
battery or solar panel system, and mounts for the
optical beam alignment. The Koruza system is an
open-source, low-cost FSO system that is designed
to be upgradablel'®. A detailed description of the
system and its integration is presented in Fig. 2(a).

The mobile FSO system was tested in an out-
door environment. The weather is typically warm
and wet with minimal variations in temperature at
KAUST (King Abdullah University of Science and
Technology), because it is located near the Red Sea,
in Thuwal, Saudi Arabia as shown in Fig. 2(b). Min-
imal variations in temperature make coastal cities
suitable for utilizing FSO systems. We recorded the
link measurements and weather data during August
2016, since the humidity and temperature were the

highest during this year.
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Figure 2 Proposed mobile FSO system: (a) system design; (b) coastal environment

The fluctuation of link quality was monitored in
the outdoor case using the Koruza system. The
weather parameters were measured using a Ws-2095
weather station, which was installed next to the FSO
transceivers. We measured the temperature, relative
humidity, and dew-point temperature. As shown in
Fig. 2(a), the received power was uploaded to a pre-
defined server via the wireless modem, and the tem-
perature, dew-point temperature, and relative hu-
midity data were recorded by the weather station
data logger. The FSO system and weather station
data were collected every 10 min.

4 Experimental results and analysis

To validate our work, we show the relation between
the atmospheric attenuation coefficient (1/km) and
the weather station data. The attenuation coefficient
is computed by measuring the variation between the
maximum received power and the instantaneous re-
ceived power in decibels (dB) over the transmission
distance in kilometers (km).

Fig. 3 demonstrates an inverse relationship be-
tween the relative humidity and the temperature.

We filtered out unreliable link measurements due to
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thermal expansion from the summer heat and align-
ment issues.

The relationship between the measured temper-
ature and the link attenuation coefficient is rep-
resented in Fig. 4; in this case, the attenuation
coefficient changes inversely with the temperature.
Based on the measurements of link attenuation
and temperature, we applied a curve-fitting method
and found the exponential attenuation model, v =
20.82e~0-03115T " This model shows an accurate fit
to the experimental measurements with RMSE =
0.0011 and R?* =0.999 7.
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Figure 4 Relation between temperature and attenuation co-
efficient

Fig. 5 verifies the attenuation coefficient values ob-

tained from the curve-fitting model with the mea-

sured values of attenuation.
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Figure 5 Verification of our attenuation model

On the other hand, Fig. 6 shows that the measured
attenuation coefficient has a direct relationship with
changes in humidity. Hence, the attenuation coeffi-
cient increases with high humidity measurements.
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Figure 6 Relative humidity and attenuation coefficient

In order to derive a model of the relation between
the relative humidity and the attenuation coefficient,
we will compare Egs. (9)-(11) with the measured at-
tenuation coefficient. As seen in Tab. 1, Model 2 is
more accurate than the other models.

In addition, the relation between the measured at-
tenuation and the calculated attenuation models is
shown graphically in Fig. 7, to show the accuracy of
the attenuation model. We conclude the small blue

circles have a good linear relation with the measured
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data. It was difficult to determine the direct rela-
tionship between the relative humidity and the at-
tenuation coefficient, because there were many fac-
tors including pressure, wind, etc. that could affect
the humidity measurements. In our work, we mea-
sured both the dew-point temperature and the rela-
tive humidity to obtain an accurate attenuation and
humidity model.

Table 1 Values of fitting parameters with measured atten-
uation models from Egs. (9)-(11)

model RMSE R?
1 0.1888 0.962 5
2 0.0483 0.9975
3 0.3456 0.8744
g 10.0 ‘ ‘ I “model 1| |
- model 2
- model 3

©
<)
|
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calculated attenuation coefficient/km™!

Figure 7 Relation between measured and calculated atten-
uation coefficients based on Ry and Tp

Therefore, we conclude that variations in weather
conditions impact the FSO link fluctuation signifi-
cantly.

5 Conclusion and future work

In this work, we proposed two mathematical mod-
els that focus on the relations between temperature,
relative humidity, and the atmospheric attenuation
coefficient over FSO links in coastal regions. In addi-
tion, we designed and integrated an open-source and
mobile FSO system that can be easily deployed and
applied in a variety of environments. The time for

deployment was less than one hour, depending on the

distance. This system showed reliable mobile FSO
links at a transmission distance of 70 m. Further-
more, this study shed more light on how humidity
and temperature significantly affect FSO links. The
proposed models showed a good fit with the mea-
sured attenuation. The introduced system is being
continuously improved to make it sustainable and re-
liable in an extreme environment. In addition, we are
working on models to clarify the effects of weather
conditions e.g. humidity, pressure, rain, and wind

over optical links with different wavelengths.
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