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Summary:

Free space optics (FSO) offer many advantages for modern com-
munication including larger frequency bandwidths and substantially
higher available data rates, immunity to interference, free license, in ad-
dition to higher transmission safety. Recent transfers of air-to-ground
quantum-key distributions at German Aerospace Center (DLR) and
tests of optical links from the moon to NASA stations for future deep-
space missions have proved challenging for this technology. However,
FSO communications link performance is highly affected by the time-
spatially variable turbulent environment and other atmospheric phe-
nomena. To improve signal reception several mitigation techniques have
been proposed and analytically investigated. To outline FSO prospects,
this presentation introduces examples of analytical and experimental
results for the route diversity technique utilization taken from research
activities at the Czech Technical University in Prague.

The method describing the spatial influence of rainfall on microwave
systems was adapted for optical links. The differences between both
microwave and optical systems are discussed with regard to the newly
derived dependences.

Most FSO links are deployed in dense urban areas, where thermal
influences can be substantial. It is, therefore, beneficial to investi-
gate the statistical influence of turbulences not only in open areas, but
also in the vicinity of buildings. The next part deals with derivation
of turbulence statistics for terrestrial and elevated links and diversity
statistics from the outdoor measurement site of the Department of Elec-
tromagnetic Field. Following outdoor measurements, laboratory evalu-
ations performed in cooperation with Northumbria University Newcas-
tle are presented. Specific cases when several diversity links intersect
a common turbulent area and each concurrently passes regions with
different turbulence flows were analysed and a new model for joint di-
versity statistics was derived. A new laboratory for FSO link testing
has been established at CTU.

The establishment of future optical wireless systems requires a full
description of the dependences between atmospheric phenomena and
the propagation channel. Although analytically and statistically based
models for theoretical treatments of atmospheric influence on single
FSO links were published, the experimental verifications together with
statistics of wireless optical links are needed.
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Souhrn:

Bezdrátové optické systémy (FSO) přináš́ı řadu výhodných aspekt̊u
pro budoućı komunikačńı přenosy, jako je extémńı š́ı̌rka pásma umožňu-
j́ıćı vysokorychlostńı přenos dat, imunita k interferenćım, volný provoz
aj. Posledńı experimenty s přenosy kvantově distribuovaného kĺıče
u spoj̊u mezi pozemńım segmentem a letadlem na DLR, či testy op-
tického přenosu mezi stanićı na Měśıci a pozemńımi stanicemi NASA
pro potřeby budoućıch vesmı́rných miśı prokazuj́ı vysoký potenciál této
technologie. Nicméně jejich přenosové vlastnosti jsou ovlivněny ča-
soprostorově proměnným médiem - atmosférou. Za účelem zlepšeńı
přenosových statistik byla navržena a analyzována řada adaptivńıch
technik.

Tato přednáška přináš́ı konkrétńı př́ıklady analytických a experi-
mentálńıch výsledk̊u využit́ı trasové diverzity u FSO systémů z vědecko-
výzkumné činnosti na Katedře elektromagnetického pole ČVUT v Praze.

Prvńı část představuje implementaci metody prostorového vlivu
deště z mikrovlnné oblasti u optických bezdrátových spoj̊u. Jsou zde
zd̊urazněny rozd́ıly mezi těmito př́ıstupy s ohledem na nově odvozené
závislosti pravděpodonosti zlepšeńı výpadk̊u v optických śıt́ıch.

Vlivem toho, že většina současných FSO spoj̊u je plánována do
městských oblast́ı, kde docháźı vlivem teplotńı fluktuace k vzniku tur-
bulenćı v atmosféře, je nezbytné zkoumat vliv turbulenćı na optické
spoje. Daľśı část přednášky se zaob́ırá odvozeńım turbulentńıch statis-
tik pro pozemńı, letecké či družicové spoje a dále pak diverzitńımi
statistikami z venkovńıho měřićıho pracovǐstě Katedry elektromagne-
tického pole.

Pro upřesněńı venkovńıch měřeńı byly dále ve spolupráci s Northum-
bria University Newcastle provedeny laboratorńı experimenty. Byly
testovány speciálńı připady diversitńıch přenos̊u u diverzitńıch spoj̊u
prot́ınaj́ıćıch jak společnou turbulentńı oblast tak zároveň částečně
v jiných mı́stech ovlivňovaných rozd́ılnými turbulentńımi prouděńımi.
Na základě experiment̊u byl odvozen nový model pro popis diverzitńıch
statistik. Dále pak byla vytvořena nová laboratoř pro testováńı FSO
spoj̊u.

Závěrem je možné konstatovat, že pro rozvoj budoućıch bezdrá-
tových systémů je naprosto nezbytný plný popis vlivu přenosového
prostřed́ı na přenosový kanál. Přestože již byla analyticky a odvozena
řada statistických model̊u, experimentálńıch ověřeńı jejich platnosti
v širš́ım kontextu je nezbytné.
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1 Introduction

The time-variant influence of the atmosphere on Free-Space Optical
(FSO) links [1] introduces a central drawback when this technology is
used in place of slower (in terms of data rate) microwave links, or, in
situations where there are no fibre optical links available [2]. The most
significant concern in FSO systems and one which has been studied
extensively in the literature is fog [3, 4]. Atmospheric thermal-induced
turbulence is a second factor that notably impacts FSO link perfor-
mance by affecting the statistics of the received signal [5]. The scintilla-
tions caused by variation in the reflective index due to the temperature
and pressure fluctuations result in random variations of light intensi-
ties in both space and time at the receiver plane. In clear weather
conditions, theoretical and experimental studies have shown that scin-
tillation severely affects FSO link reliability and availability at all times
[6, 7]. Scintillation has been extensively investigated and a number of
theoretical models have been proposed to describe scintillation-induced
fading [5, 7-9].

To overcome turbulence-induced fading in FSO systems, several
techniques have been proposed including: spatial transmitter/receiver
diversity [10] [11]; adaptive beamforming based on wavefront phase
error measurement and settings of opposite phase aberration on the
beam by a deformable mirror [12]; wavelength diversity [13], multiple-
beam communication [14] and novel modulation techniques [15]. SIMO
(single-input multiple-output) or MIMO (multiple-input multiple-out-
put) optical channels have been studied for more than 40 years [16, 17]
and measurements of SIMO systems have been reported in numerous
papers, e.g. between a terrestrial station and satellite [18], ground
station and aircraft [19], or, laboratory experiments [14, 20]. Approx-
imations to the probability density function of the received power of
a partial spatially correlated multiple-beam system have been proposed
in relation to the single-channel gamma–gamma link function. A hy-
brid RF/optical link scheme [21, 22] offers almost 100% link availability
and improved outage probability statistics, but at the cost of additional
switching and buffering when using the RF link limiting the available
data rates.

Error performance and the outage probability of a subcarrier in-
tensity modulation (SIM) system employing the spatial and temporal
diversity schemes to combat channel fading in the optical region were
discussed in [23]. SIM with phase-shift keying (PSK) has been con-
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sidered as an alternative for the turbulence-induced fading mitigation
and can be applied in combination with spatial diversity [24]. In [24]
the log-normal, gamma-gamma and negative exponential atmospheric
turbulence models were extensively investigated and error performance
in SIMO FSO links has been derived for three linear combining tech-
niques: Maximal Ratio Combining (MRC); Equal Gain Combining
(EGC); and, Selection Combining (SelC). It was shown that both mul-
tiple transmitter-single photodetector and single transmitter-multiple
photodetector configurations employing EGC offer the same perfor-
mance in turbulence conditions. The number of independent photode-
tectors capable of mitigating the scintillation without overwhelming
complexity is reported to be approximately between two and four [24].
The subcarrier time delay diversity (TDD) was presented as an alterna-
tive technique for ameliorating channel fading and its error performance
was analyzed in [23]. Retransmitting the delayed copy of the informa-
tion just once was found to be the optimum with a gain of up to 4.5 dB
in the weak atmospheric turbulence condition. The TDD gain was
shown to be proportional to fading strength, but independent of data
rate. Summarization of diversity techniques can be found in [25].

To support FSO performance analyses, as part of European COST
(Cooperation in Science and Technology) action IC 1101 – OPTICWISE
(Optical Wireless Communications – An Emerging Technology) [26],
where our team active contributed, a common database of measuring
sites, measured data and available software codes to has been developed
to understand FSO problems and to derive theoretical and empirical
models for single and diversity links. The goal of this presentation is
to demonstrate the relationship between received optical power fluc-
tuations, temperature gradients along the path of the optical beam
caused by turbulence, rain influence and to highlight specific diversity
approaches analysed and measured at the Czech Technical University
in Prague (CTU) and Northumbria University Newcastle (NU).

2 Analysis of influence of rain on FSO links

The first part is devoted to the influence of rain on FSO links. To obtain
precise fading statistics, the rain database from a four-year period,
2002-2005, was utilized including 250 km x 250 km rain scans from
Czech meteoradars (rain rate distributions with 1 km grid resolution
and 1-minute time steps).
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2.1 Join links route diversity

To compare with previous results, examples are given for elevated plat-
forms flying up to altitudes of 20 km. Methods for elevated links were
adapted from a microwave region [27] with two evaluation methods
tested based on simulation results: the first appropriated for isolated
elevated systems and the second utilizing a combination of millimetre
(frequency of 48 GHz) and Free Space Optical systems. The comparison
of complementary cumulative distribution functions of rain attenuation
for a single elevated platform to a user link at 48 GHz (ground distance
3 km) and for two branch diversity links at the same frequency where
a user connects to two elevated platforms, can be seen in Fig.1. In the
latter case, one of the two diversity links was identical to the standalone
link and the second was angularly separated by 180 degrees with a land
distance of 4.5 km.

Figure 1: CDFs of rain attenuation for a single link and two-branch
diversity links at 48 GHz with angular separation of 180 degrees and
main and diversity ground link distances of 3 and 4.5 km

Resulting statistics for the same scenario, but with optical links, are
depicted in Fig. 2. As can be clearly seen, both systems compensate,
in similar ways, rain attenuation in terms of diversity gain. In the next
step of our analysis, the performance of a single FSO link was tested
for different elevation angles. See Fig. 3, where complementary cu-
mulative distribution functions of a single FSO link are demonstrated
for elevations of 90 degrees, 60 degrees and 45 degrees. Consequently,
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statistics of elevated single FSO links were compared to rain attenua-
tions between the same user and an elevated platform when the links
used both parallel transmitted FSO and millimetre waves.

Figure 2: CDFs of rain attenuation for a single link and two-branch
diversity elevated links at FSO wavelengths with an angular separation
of 180 degrees and main and diversity ground link distances of 3 and
4.5 km

Figure 3: CDFs of elevated single FSO links influenced by rain
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2.2 Diversity applied throughout the FSO network

Regarding whole system performance, the main analytical focus was
to derive corresponding relations among rain event parameters and
optical system availability, independent of the particular deployment
of optical nodes and spatial distribution of users in the terrestrial net-
work. Possible application of rainfall parameter, derived in [27] was
tested even for an optical network. During heavy rainstorms, as ex-
pected, the network was capable of combatting undesirable rain atten-
uation by route diversity - by setting proper angular separations. Due
to this approach, the outage improvement probability within the net-
work increased by 11.4% (from 13.6% to 25.2%). This is an especially
interesting indicator for the Czech Republic where a higher percentage
of rain storms with smaller rain spatial parameters occurs.

An example of a comparison of outage improvement probability
dependent on angular separations between diversity links and main
to diversity link length ratios for a microwave terrestrial system working
at a frequency of 48 GHz and wireless optical system is shown as follows
in Fig. 4.

Figure 4: Example of comparison outage improvement probability [%]
of microwave and optical networks

As can be seen in the optical network, higher outage improvement
probabilities – varying between 1.6 and 5.3% - can be reached compared
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to the RF network. In particular, the dependence of the a-parameter
(for a thorough explanation see [27]) for higher rain intensities has
a more rapid slope than in the case of 48 GHz. Outage improvements
have been proved to have an exponential dependence on rain spatial
parameters.

3 Outdoor measurement of scintillation due
to turbulence

Scintillation and wandering of optical beams are mostly caused by ther-
mal turbulence within the transmission medium and non-homogeneities
of the refractive index. As air circulates within the urban environment,
assuming temporal gradients from buildings and the ground, thermal
characteristics can change dramatically along the optical link. Ran-
domly distributed cells of different refractive indexes (so called eddies)
can occupy areas ranging from a few centimetres up to units of kilome-
tres [28]. The amplitude, as well as the frequency of received optical
signal scintillations, is subsequently highly dependent on the turbulent
cell size to beam diameter ratio. In this regard, an optical beam is de-
viated/bent in large turbulent areas, widened in a small turbulent area
or, most typically, a combination of both mechanisms can be observed
[28] (see illustration of the turbulent zones’ influence on received optical
power depicted in Fig. 5).

Figure 5: Demonstration of turbulence influence on FSO link

The frequency of received signal fluctuations can reach up to 200 Hz.
The variance of scintillation (σ2

χ) can be expressed by Rytov variance
[29]

σ2
χ = 1.23C2

n

 6

√(
2π

λ

)7

L11

 (1)
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where λ represents the wavelength and L is the length of the link.
C2
n introduces the so-called refractive index structure parameter- a vital

measure of turbulence strength [30]. C2
n is a function of the wavelength,

pressure and temperature changes as given by [28]:

C2
n =

(
86× 10−6Pas

T 2
e

)2

C2
T , at λ = 850 nm (2)

where the temperature structure constant C2
T is related to the uni-

versal 2/3 power law of temperature variation as given in:

DT =
〈
(T1 − T2)2

〉
=

{
C2
T l

−4/3
0 L2

p for 0 < Lp < l0

C2
TL

2/3
p for l0 < Lp < L0

(3)

where T1 and T2 are the temperatures at two points separated by
the distance Lp, l0 and L0 stand for the inner and outer scale of tur-
bulence. Due to their random nature, turbulent media are extremely
difficult to describe mathematically due to the presence of non-linear
mixing of observable quantities [31]. Extensive research has been car-
ried out, particularly in vertical variations of the structure parameter.
For terrestrial sites (up to 100m of the Earth’s atmosphere) the optical
turbulence described by C2

n reaches values ranging from 10−17 m−2/3

(weaker turbulence) to 10−13 m−2/3 (stronger turbulence). According
to [32], optical turbulence shows approximately diurnal cycles with
peaks during midday hours and lowest values near sunrise and sunset.
Several empirical models are utilized: The Hufnagel-Valley Model [32]
for altitude and wind speed dependence; the Submarine Laser Com-
munication–Day (SLC Day) model and the SLC Night model derived
empirically from averaged measured data [33]; the Gurvich model for
mid-scale turbulences etc.

Many statistical models were proposed to describe received signal
fluctuations caused by atmospheric turbulence. Weak turbulences have
been proved to have a probability density function (PDF) of the log-
normal distribution [34] while for strong turbulences, the K-distribution
[35] is used. Under the assumption that small-scale irradiance fluctua-
tions are modulated by large-scale irradiance fluctuations of the propa-
gating wave, gamma-gamma distribution can be utilized in a free space
optical channel [36]. Several analyses of FSO bit error rate (BER) de-
pendences on turbulence were accomplished in [35-39]. The method of
turbulence mitigation was proposed in [40]. For more details on parti-
cular statistics see [41].
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3.1 Single link statistics measured at CTU

To validate the influence of building heating effects on the free space op-
tical link, an experimental campaign was set up at the campus of the Fa-
culty of Electrical Engineering, Czech Technical University in Prague.
Two free space optical transceivers WaveBridge 500 by Plaintree were
placed on the roofs of two eight-story buildings on the CTU campus
(see Fig. 6). This allowed us to build a 120-meter-long optical link at
a wavelength of 850 nm, with transmitted power of 20 dBm. The data
rate 150 Mbps (OC-3) was set in the link, while a router on one side
returned back sent data. Data from two meteorological stations located
in the middle of the link and one of the FSO transceivers, respectively,
(see Fig. 6) were used for further analyses.

Figure 6: Deployment of the FSO link and weather sensors.

The temperature gradient was measured using a system of 10 ther-
mal sensors equidistantly spaced along the first quarter of the free-space
optical link [42]. In this way, thermal gradients are observed in various
places around buildings, i.e. above the two buildings, and from close
proximity to the building to a point halfway between both building
wings. Samples of the dependency of received optical power and atmo-
spheric parameters can be found in [1]. Based on statistics derived from
sensor line measurements, the thermal influence of the buildings was an-
alyzed. To validate the influences of the turbulent zones, the corrected
dependence of the refractive index structure parameter was optimized
from the Kolmogorov statistics of measured data [42]. From the mea-
sured data [42] it was seen that turbulence emerges approximately in
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the first 1-2 meters surrounding the buildings (derived from a two-
month measuring period). A high influence on the fluctuation of the
received optical signals can be observed from turbulences arising up to
8 meters from the building. This is true especially during colder days,
when the thermal heating of buildings radically changes the scintilla-
tion effects on a FSO link deployed in urban areas compared to links
crossing free, non built-up areas.

3.2 Vertical turbulence profiles

The measured data from a 150-meter-high lattice mast located in Pode-
brady in the Czech Republic were used for the analysis of vertical pro-
files. Nineteen meteorological Vaisala HMP45D sensors, for tempera-
ture and relative humidity, were placed on the mast approximately 8 m
from each other, between 5.11 m and 147.71 m above the ground.

Annual statistics of the refractive index structure parameter were
generated separately at each height to form height profiles for the se-
lected quantiles of 0.1%, 50%, 90%, and 99% of time and compared
with the existing model (Hufnagel-Valley, SLC Day and Gurvich) -
see Fig. 7. The adjusted parameters of models in the refractive index
structure parameter were presented in [43].

Figure 7: Measured refractive index structure parameter height profiles
from May 2010 - April 2011 compared to models [43].

In addition, seasonal variations of the refractive index structure
parameter were analysed - see results in Fig. 8. Drops in the winter
refractive index structure parameter confirm a decrease in the average
layer heights and air mass turbulent flows in cold months.
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Figure 8: Fluctuations of the refractive index structure parameter over
a one-year period at 39.71 m (solid lines) and 79.8 m (dashed lines)
above the ground (May 2010 - April 2011)[43].

3.3 Diversity measurements

To fully comprehend turbulence phenomena for complex FSO networks,
an original analysis of the influence of turbulence on the simple frag-
ment of such a network with two route diversity links (from either
two different distant points to the joint network node or in the reverse
direction) had to be accomplished. In [44] the focus had been on the
understanding of a route diversity concept from the point of view of tur-
bulence scenarios and how they affected the performance of the FSO
networks. In [45] another route diversity application for mesh optical
networks was introduced together with interesting experiment results.

An experimental measuring network was set up at the university
campus of the Czech Technical University in Prague (CTU). The net-
work consisted of three FSO links (A - WaveBridge 500, B - Light-
Pointe Strata G, C - MRV Telescope 700) and comprised a star topo-
logy network [46]. Arrangement of the network and sensors is depicted
in Fig. 9. Weather conditions were observed by two meteorological sta-
tions. In the next step, the measuring network will be extended to a
mesh topology by insertion of a new FSO link enclosing links B and C.

Data from FSO links A and B as a part of a star topology network
was analyzed to investigate diversity statistics. To obtain these results,
cumulative distribution functions (CDF) were analyzed and compared.
All above-mentioned propagation impairments were dealt with and re-
calculated with regard to their spatial properties. Because of different
link lengths, the diversity gain was recalculated to 1-km-long path.
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Figure 9: Measuring network and sensors’ arrangement.

Table 1 shows the diversity gain of two FSO links derived from
measured statistics during April and May 2011. As can be seen, diver-
sity gains up to 8 dB are yielded. This contribution introduces every
perspective possibility, especially within dense FSO networks during
particular network segment (links) drops due to harsh atmospheric con-
ditions [46].

For the analysis of the hybrid RF/FSO joint link, statistics mea-
sured by a 450- m-long link B between the CTU building and an Orlik
dormitory were used. The free space link, consisting of a four-beam
free space optical communication system FlightStrata G was equipped

Availability Diversity Gain Link A Diversity Gain Link B
(%) (dB) (dB)

99.00 0.75 5.27
99.90 0.94 6.39
99.990 1.07 7.49
99.9990 1.27 8.36

Table 1: Selected diversity gains derived from statistics of two adjacent
FSO links
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with a backup RF link Mikrotik RB600A working at a frequency of 5
GHz. Deployment of both transceivers at the roof of the Orlik dormi-
tory is depicted in Fig. 10.

(a) (b)

Figure 10: a) FSO/RF transmitting site at the Orlik dormitory;
b) experimental campaign arrangement for RF/FSO

The CDF of the joint hybrid RF/FSO link tends to be almost paralel
to the CDF of the FSO in lower availabilities, but starts to diverge with
availabilities higher than 99.7% (when diversity gain exceeds 17 dB).
The highest outages were typically observed during foggy days.

4 Indoor measurements

Indoor laboratory atmospheric chambers have been developed at Nor-
thumbria University and recently at Czech Technical University (see
Fig.11) to enable precise performance assessment of the FSO link un-
der a controlled environment [5].

The indoor chamber offers the advantage of full FSO system charac-
terization and investigation in much less time compared to outdoor FSO
where it could take a long time for the weather conditions to maintain
regular behaviour and changes that could not be accurately predicted,
therefore, prolonging the characterization and measurements.

Example of the diversity measurement set-up tests using the NU
laboratory atmospheric chamber is depicted in Fig. 12(a). Two narrow
divergence beam laser sources, plus a collimated lens, were used at the
transmitter side. The optical beams were modulated by a data source
at a line-rate of 1 Mbit/s. The NU laboratory atmospheric channel

17



(a) (b)

Figure 11: (a) New CTU turbulence chamber; (b) snapshot from
16-QAM FSO transfer measurement with turbulence influence.

Figure 12: (a) Block diagram of the laboratory turbulence chamber;
(b) snapshot of the deployment of thermal sensor line inside the cham-
ber of NU [47].

is a closed glass chamber with dimensions of 5.5 × 0.3 × 0.3 m and
the chamber has air vents with external fans for air circulation along its
length to control temperature distribution. External heaters were used
to pump hot air into the chamber to create turbulence. There are also
19 remotely controlled thermal sensors positioned along the chamber
to monitor and measure the temperature at one-second intervals with
a resolution of 0.1 ◦C, see Fig. 12(b). The receiver front-end consists of
a PIN photodetector and a transimpedance amplifier (TIA). The TIA
output signal was captured using a wide bandwidth real time digital
oscilloscope and a full signal analysis was carried out off-line in Matlab.
The main parameters of the experimental system are given in [47].
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4.1 Separated channels

The first testing measurement was performed using the Single-Input
Multiple-Output transmission configuration. The laser beam at 830 nm
was split onto two halves, each propagating along a 1m channel sepa-
ration in a non-turbulent and turbulent area, respectively, and then
passing 1m of the common turbulent area (see Fig. 13a).

Figure 13: a) SIMO and b) MIMO FSO system under experimental
laboratory set-up turbulence induced effect [49].

Since only small fraction of path was affected by turbulences, it
resulted in a quite small scintillation effect. Diversity of these co-
propagating beams varied around 0.2 dB and did not exceed 0.4 dB even
in turbulences with C2

n > 10−11m−2/3. The effective area of the pho-
todetector in one channel gave only small improvements (σ2

1(0)/σ2
1(D) =

0.69). The measured Rytov variance ratio between both receiving chan-
nels fluctuated from 0.9 to 0.15. This corresponds to the aperture ave-
raging with D = 5 mm in the 5.5 m link and 30 mm in the 500 m link
(see Fig. 14).

In the second case, channel 2 was influenced by constant weak turbu-
lence (i.e. measured Rytov variance in the channel was kept less than
0.16). The turbulence circulating from channel 1 to the intersection
area (and partially to the path of channel 1) was gradually increased
from 10−13 to 10−11 m−2/3.

A decrease in the received power due to turbulences dependent
of the mean index of refraction structure parameter measured along
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Figure 14: Aperture averaging derived for 5.5 m channel (red curves)
and 500 m channel (blue curves) [49]

the channel 1 was experienced. Eye diagrams illustrated distortion
in channel 1 which was affected by weak and moderate turbulences,
as depicted in Fig. 15 and 16. Contrary to two co-propagated chan-
nels from the SIMO scheme for optical wireless links being separated at
greater lengths and having common intersection turbulent area, mea-
sured scintillation was more than two orders higher. It has to be men-
tioned since the processed values of random variables (temperature dis-
tributions within the channels) were not strictly ergodic, so additional
validations are needed. Extension of these measurements towards Ad-
hoc networks was published in [49].

(a) (b)

Figure 15: Eye diagram for initial turbulence scenario for received (a)
channel 1 (C2

n = 10−13 m−2/3) and (b) chann. 2 received signals [49].
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(a) (b)

Figure 16: Eye diagram for final turbulence scenario for received (a)
channel 1 (C2

n = 10−11 m−2/3) and (b) chann. 2 received signals [49].

A number of techniques have been proposed in the literature to deal
with turbulence including aperture averaging, spatial diversity, and co-
operative diversity, as mentioned in the introduction. As a first ana-
lysis, a pilot testing measurement was performed with multiple trans-
mitters. Within the measured scenario, the laser beam at 830 nm was
split into two with each beam propagating through two 1-m-long non-
turbulent and turbulent channels and then through a 1-m-long common
channel, see Fig. 17(a). The diversity scheme was evaluated via a di-
versity gain which is defined as the difference between attenuation of a
single link and the minimum attenuation of joint diversity links.

To validate statistical results, the channel separation was increased
and measurements were carried out over two separate channels isolated
by a divider and foils. The measurement set-up within the turbulence
chamber is shown in Fig. 17(b). Channel 2 was influenced by constant
distortion or impairment due to the intensity variation of the received
signal, i.e. with Rytov variance being kept below 0.09. This small inten-
sity variation is not considered to be due to the turbulence, but rather
more to do with the material used to isolate both channels. In this case
the foil is a transparent film sheet made of polyethylene terephthalate
or polyester, so the physical vibration of the foil is not significant to the
human eye but does modify the intensity of the received signal, thus
implying a small measured value of Rytov variance in the channel under
study, however, this small deviation and variance is not associated with
temperature effects. On the other hand, the turbulence in the channel
1 was gradually changed from low to moderate conditions.
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Figure 17: Deployment for measurement of two separated channels,
(a) unique laser source SIMO and (b) dual laser source for isolated
channel configuration [47].

In Fig. 18(a) Rytov variance derived both from the fluctuation of
received optical signal and from the thermal sensors derived by integra-
tion over the thermal distribution using Eq. (5) for the same parameters
are presented. Red circles show particular measurements for channel
1 with increased turbulence levels while the blue crosses represent pa-
ralel measurements for channel 2. Even though initially there was no
turbulence in channel 2, we experienced some deviations in channel 2
due to the flow around the foils and the subsequent small vibration. As
can be seen, the variance in optical signal increases even though there
is no linear dependence with thermal variations within the channel.

Figure 18(b) gives insight to the ratio of the thermal structure and
the refractive index structural parameters. Black dotted lines show the-
oretical C2

n dependence derived from Eq. (3) for the mean temperatures
Te 20◦C and 40◦C. Coloured lines, see inset, represent C2

n values enu-
merated from each sensor gap for all turbulence sets according to Eqs.
(3) and (4), i.e. based on measured thermal differences and ensemble
averaged values (channel 1 depicted in red solid line, channel 2 in blue
dashed line) and C2

T . Finally, single points, red circles and blue crosses
for channels 1 and 2, respectively, show the relations between two mea-
sured approaches - C2

T measured in channels via thermal distributions
and C2

n observed through fluctuations of the received optical signal in
terms of Rytov variance. C2

n values from three points of view are there-
fore compared: theoretical assumption, derivation from temperature
fluctuations and enumeration of optical received fluctuations.

As can be seen, C2
n derived from thermal variation in turbulent con-
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Figure 18: Measured dependence of (a) Rytov variances in both chan-
nels derived from received optical signal and from thermal sensor mea-
surements (symbols, red circles - channel 1, blue crosses - channel 2)
and (b) C2

n theoretical relations (black dotted lines), C2
n derived from

measured thermal distributions via Eqs. (3) and (4) (channel 1 red and
channel 2 blue lines) and C2

n derived from measured optical power on
C2
T measured by the sensor line (symbols; red circles - channel 1, blue

crosses – channel 2) [47]

ditions when particular sensor positions fully meet theoretical assump-
tions (coloured and black lines, respectively). For the distributions of
C2
n, derived from Rytov variance, it is then evident that theoretical

assumptions underestimate C2
n -to- C2

T ratio, which can be attributed
principally to the integration over the link length to obtain C2

T .

4.2 Open channels with partial correlation in tur-
bulence

When considering wireless network deployment in urban areas, the
route diversity technique may be adopted to ensure higher link avail-
ability. To combat link failures FSO links can be arranged in several
possible topologies thus offering diversity within the network to ensure
link availability at all times.

The main aim during laboratory experiments was to analyze route
diversity for two links when intersecting the same turbulent area (i.e.
channel 2 and part of channel 1) with the fraction of the linearly in-
creasing turbulent zone covering the major part of channel 1. This
scenario corresponds to the real case when two links within the net-
work terminate at the same point, i.e. passing the common volume
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with the same or almost similar turbulence characteristic. Note, one
of the optical links along the distant part is influenced by the non-
correlated turbulent flow. The measurement deployment can be seen
in Fig. 19.

Figure 19: Deployment for measurement of partially correlated turbu-
lences within channels [47].

Contrary to the previous case, the turbulence level in channel 2 was
kept at a Rytov variance value of ∼ 0.07. Comparing the dependency
of C2

n on C2
T (Fig. 5), we observed that there is a decrease in the slope

for the moderate turbulence condition, see inset in Fig. 20. In the
next step, the diversity gains were derived in relation to Q-factors of
received OOK signal from off-line signal processing of both channels.

Figure 20: Dependence of C2
n derived from measured optical power (red

circles – channel1, blue crosses - channel 2) and from the sensor line on
the thermal structural parameter in partially correlated turbulences,
temperature measurements from channel 1 (red solid lines) and chan-
nel 2 (blue dashed lines) line sensors, compared with C2

n dependence
derived from Eqs. (3) and (4) for the mean temperatures of 20◦C and
40◦C (black dotted lines) [47]
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Figure 21: Comparison of diversity gains for two turbulence scenarios
with respect to Q-factor ratio between channels [47]

The diversity gain against the Q-factor ratio between the channel
with a low turbulence level and channels with high turbulence levels
expressed by Qch1/Qch2 is shown in Fig. 21. This Q-factor ratio ex-
presses the relation of behaviour between both channels. Regarding
Fig. 21, for two isolated channels, there is an obvious enhancement in
the received power under a particular signal fade as the receiver can
switch to the second (less affected) channel. This corresponds to simi-
lar characteristics derived analytically from the SelC diversity method
[24]. To reduce the high processing load (thus the complexity) in SelC
switched combining diversity, the switch-and-stay combining (SSC) and
switch-and-examine combining (SEC) diversity schemes are introduced.
In SSC, once the existing received SNR drops below a certain threshold
level, the combiner switches to the next branch, regardless of SNR for
the new branch, even if it is less than the original branch. In the SSC
and SEC diversity schemes there is no need for continual monitoring of
all receiving signals, thus leading to a much simplified receiver design
compared to SelC [11, 48].

The SelC linear combiner samples the entire received signal through
multiple branches and selects the branch with the highest SNR value or
irradiance level, provided the photodetectors receive the same amount
of background radiation. The output is equal to the signal on only one
of the branches and not the coherent sum of the individual photocur-
rents as is the case in MRC and EGC. This makes SelC suitable for
differentially modulated, non-coherent demodulated subcarrier signals.
In addition, SelC is of reduced complexity compared to the MRC and
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(a) (b)

Figure 22: Examples from comparisons of measured and calcu-
lated Selection Combining diversity with Rytov variance in channels
(a) σ2

1 = 0.03, σ2
2 = 1.56, (b) σ2

1 = 0.06, σ2
2 = 5.42 [47]

EGC and its conditional SNR is given by [24, 25]:

γSelC(I) =
R2A2I2max

2Nσ
(4)

where Imax = max(I1, I2,. . . , IN ). The pdf of the received irradi-
ance, p(Imax), given by Eq. (5), is obtained by first determining its
cumulative density function (cdf) and then differentiating.

p(Imax) =
21−NNexp(−y2)

Iσi
√

2π
[1 + erf(y)]

N−1
(5)

where

y =
ln(I/I0) + σ2

i /2√
2σi

(6)

From the measurements, it was observed that the above-mentioned
analytical assumptions lead to an overestimation of received signal de-
viation in case of two channels crossing non-correlated turbulences. As
can be seen in Fig. 22 from comparison of probability density functions
of the measured route diversity data and the statistically derived PDF
by Eq. (5), there is higher deviation in the measured selection diversity
signal than expected. With increased turbulence levels in one of the
channels we experienced heavier tails of pdf. Even though Eq. (5) in
the majority of cases introduces quite a precise estimate, it was derived
that the combined diversity statistics of the received route diversity
signal follow the modified Student’s t-distribution with N -degree of
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freedom (corresponding to number of channels, i.e. in our case N = 2)
described by the density function [47]:

p =
Γ
(
N+1
2

)
σ
√
NπΓ

(
N
20

) [N +
(
I−I0
0.1σ

)2
N

]
(7)

Results from the second measurement set-up (see Fig. 19) indicate
that the increment in transmitted optical power, or, switching to the
second diversity link, has a reduced effect under the increased turbu-
lence levels when both channels intersect a common turbulence area
(red curve in Fig. 21). Comparison of the diversity gains with respect
to the mean C2

n ratio between both the channels is given in Fig. 23.
With increased turbulence level from low to moderate in channel 2,
the system is more efficient with the route diversity scheme when both
channels experience different turbulences along their links compared to
the case when both links pass through a common turbulent channel.

Figure 23: Comparison of diversity gains for two turbulence scenarios
with respect to C2

n ratio between channels [47]

5 Conclusion and future work

The route diversity techniques for an FSO link were evaluated based on
both the simulations and experimental work. We have focused on rain
influence for joint links and whole affected network and, especially, on
turbulence influence on diversity optical links. New results and models
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were derived and published. The main aim was to find a description
for a specific case where a number of diversity links experience both
a common turbulent channel, and a channel with different turbulence
regimes.

Joint international research is focused to the characterization of
scintillation index, eye diagrams and structure coefficient statistics with-
in an ad-hoc FSO networks and hybrid FSO/submillimeter band net-
works. The derived results from test scenarios demonstrated that it
could be more effective to adopt the aperture averaging scheme than
using multiple receiver to reduce the influence of turbulence on pro-
pagating optical beam through the shortest paths. On the contrary
for the fades of segments where the majority of link paths experience
different turbulence regimes, the fluctuations of received signals can
be substantially reduced by retransmitting the information over the
diversity path.

Based on the original measurement results more complex system
analyses will be performed in upcoming research projects. CTU team
will be focused on the complex Ad-hoc networks within action IC 1101 –
OPTICWISE (Optical Wireless Communications – An Emerging Tech-
nology) and Visible Light Communications (VLC), where the team just
now perform several joint research compaigns in cooperation with Nor-
thumbria Univerity , Newcastle upon Tyne (team of prof. Ghassem-
looy), Politecnico di Milano (team of prof. Capsoni), University of the
Negev (team of prof. Arnon) and other research laboratories and in-
dustrial partners. Joint EU Horizon2020 project has been prepared
towards these technologies.
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