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Abstract— Free-space optical communication systems repre-
sent one of the most promising approaches for addressing the
emerging broadband access market and its “last mile” bottleneck.
However, atmospheric turbulence may cause fluctuation in both
intensity and phase of the received light signal, impairing the link
performance. In this paper, a novel model for the atmosphere as
an optical communication channel is presented, considering not
only the turbulence effects due to the refractive index variation
but also the negative effect of the wind velocity. Additionally, the
very good performance of a simple rate-adaptive transmission
scheme based on the use of variable silence periods and OOK
formats with memory, previously proposed in indoor unguided
optical links by the authors, is also corroborated in free-space
optical links, showing a greater robustness to adverse conditions
of turbulence and wind velocity.

I. INTRODUCTION

Free space optical (FSO) communication has attracted con-
siderable attention recently for a variety of applications. The
demand for realtime, wideband, reliable wireless services keep
increasing. The overcrowded radio spectrum is unable to cope
with all the demand. Unlike radio and microwave systems, no
spectrum licensing or frequency coordination with other users
is required, interference from or to other systems or equipment
is not a concern and FSO communication is a cheaper choice
than tending fiber between two spatial points in line-of-sight
(LOS). On the other hand, FSO communication systems are
specially interesting to solve the “last mile” problem, above
all in densely populated urban areas.

However, signal fading due to atmospheric turbulence can
degrade seriously the performance of free-space optical links.
Inhomogeneities in the temperature and pressure of the at-
mosphere lead to variations of the refractive index along the
transmission path. As a consequence of this phenomenon, the
quality of the received signal can be deteriorated and will
undergo fluctuations in both the intensity and the phase. In
particular, the fluctuations in the intensity is usually named
as random log-amplitude of scintillation, χ(t), because of its
statistical description. This scintillation can lead to an increase
in the error probability, depending on the strength of the
turbulence as well as the propagation path length.

Different authors have studied the physical phenomenon
of the atmospheric turbulence, providing several theoretical
models to facilitate its description [1]-[5]. In this sense, some
representations of channel [6]-[9] to model the adverse effect
of the atmospheric inhomogeneities on the transmitted signal

have been proposed.
In this paper, a novel model for the atmosphere as an optical

communication channel is presented, considering not only the
turbulence effects due to the refractive index variation but
also the negative effect of the wind velocity. This channel
model has been adapted to optical frequencies, including
the adverse effect of the wind velocity on the transmitted
signal and an efficient statistical conversion from Gaussian
to lognormal. Additionally, the very good performance of a
simple rate-adaptive transmission scheme based on the use
of variable silence periods and on-off keying (OOK) formats
with memory, previously proposed in indoor unguided optical
links by the authors, is also corroborated in free-space optical
links, showing a greater robustness to adverse conditions
of turbulence and wind velocity. In previous works by the
authors, OOK format with Gaussian pulses and reduced duty
cycle (OOK-GS) has shown to be an efficient alternative to
the pulse-position modulation (PPM) scheme, presenting good
performance in indoor wireless optical communications [10]-
[12]. This OOK-GS format is suitable to atmospheric optical
communications. In this fashion, the adoption of rate-adaptive
transmission is very convenient in the depicted scenario in
order to make suitable the communication to the adverse
channel conditions and, thus, the bit rate can be reduced or
be increased depending on the available signal-to-noise ratio
until a sufficiently low error probability can be attained.

The remainder of this paper is organized as follows. The
second section is focused on the description of the atmospheric
turbulence. In section 3, a novel model is proposed to consider
in a greater accuracy the pernicious effect of the turbulence in
the transmitted signal by including a lognormal distribution as
well as the adverse effect of the wind velocity. The next section
presents the system model to characterize the impact of the
wind influence on rate-adaptive techniques in FSO communi-
cations. In section 5, bit-error rate computation is estimated by
Monte-Carlo simulation in order to evaluate the performance
of the rate adaptive techniques previously described. Finally,
a summary of the most important conclusions is presented in
the last section.

II. OPTICAL COMMUNICATION THROUGH TURBULENT

ATMOSPHERE

Atmospheric turbulence can be physically described by
Kolmogorov cascade theory [1]-[5]. The energy of large eddies
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is transported without loss to eddies of decreasing size until
the kinetic energy of the flow is dissipated by viscosity. The
scale sizes of these eddies extend from a large scale size Lo,
called the outer scale of turbulence, to a small scale size lo
denoted the inner scale of turbulence. It is assumed that each
eddy is homogeneous one, although with a different index
of refraction. The atmospheric index-of-refraction fluctuations
produce fluctuations in the irradiance of the transmitted optical
beam, what is known as atmospheric scintillation. We consider
that the outer scale Lo and the inner scale lo of turbulence
satisfy the following conditions [13] :

Lo �
√

(λL), and lo �
√

(λL). (1)

Hence, the result is the easiest of the expressions to describe
the spatial power spectrum of refractive index, Φn(κ), given
by

Φn(κ) = 0.033C2
n(z)κ− 11

3 , (2)

that it is usually named as Kolmogorov spectrum [1]. In the
last expression, C2

n is the refractive-index structure parameter.
In this paper, we consider intensity modulation with direct

detection (IM/DD) links using OOK formats. The received
light intensity is related to the log-amplitude, as was shown
in [14], by

I = Io exp(2χ − 2E[χ]), (3)

where Io is the signal intensity without scintillation and χ
is the log-amplitude perturbation of the optical wave that is
governed by Gaussian statistics with ensemble average E[χ]
and variance σ2

χ, depending on C2
n. If we consider propagation

through a large number of atmospheric elements with random
phase delays, the marginal distribution of the log-amplitude is
Gaussian by the Central Limit Theorem [1]-[2] and, therefore,
the probability density function (PDF) of the irradiance will
be lognormal [14] as follows

fI(I) =
1
2I

1
(2πσ2

χ)1/2
exp

(
− (ln I − ln Io)2

8σ2
χ

)
, (4)

where the normalized variance of irradiance fluctuations, σ2
I ,

is defined by
σ2

I = exp(4σ2
χ) − 1, (5)

and where, under the assumption of weak turbulence, i.e.
σ2

χ � 1, this can be aproximated by 4σ2
χ [1].

III. PROPOSED ATMOSPHERIC CHANNEL MODEL

A. Model Description

The lognormal atmospheric channel model employed in this
paper is consisted of a multiplicative noise model, as in [7],
that enhances the effect of the atmospheric turbulence on the
propagation of the transmitted optical signal. The channel
model is shown in Fig. 1. Here, αsc(t) = exp (2χ(t) − 2E[χ])
are the scintillation coefficients, whereas the additive white
Gaussian noise (AWGN), n(t), is assumed to include any
front-end receiver thermal noise as well as shot noise from
background light.

Fig. 1. Model of the turbulent optical channel.

In previous works, several authors have developed models
where these coefficients, αsc(t), are considered [8]-[9]. Here,
a similar scheme is proposed, based on a low-pass filtering
of a random Gaussian signal. In this paper, a novel model
is proposed to consider in a greater accuracy the pernicious
effect of the turbulence in the transmitted signal, as shown in
Fig. 2. In this fashion, we can improve the models developed
in [8]-[9] by including a lognormal distribution, as shown in
the second stage of Fig. 2, in addition to the adverse effect of
the wind velocity.

Fig. 2. Block diagram of the Gujar Kavanagh technique [15] to generate the
scintillation coefficients, αsc(t)

Owing to the fact that the receiver scheme is based on direct
detection, the intensity fluctuations within the beam will be of
primary concern. Since most of the theoretical investigations
have focused on fluctuations in the log-amplitude perturbation,
χ, and taking advantage of its Gaussian nature, it is possible
to apply Clarke´s method [16] that has a very common use in
RF fading channels. The way to proceed consists in filtering a
random statistically Gaussian signal, z(t). Hence, the output
signal, χ(t), keeps on being statistically Gaussian, but shaped
in its power spectral density by the Hsc(ω) filter. The output
signal, χ(t), is called the log-amplitude perturbation of the
transmitted optical wave. Next, χ(t) is passed through a
nonlinear device which converts its probability distribution
from Gaussian to lognormal.

Under the assumption of weak irradiance fluctuations
(σ2

χ � 1), the normalized covariance function of the irra-
diance, bI(ρ), is very close to the normalized covariance
function of the log-amplitud fluctuation, bχ(ρ) [5]. Taking this
into account, it is easy to consider that the shape of power
spectral density of irradiance is coincident with the power
spectral density of log-amplitude fluctuation and, hence, the
filter in Fig. 2, corresponding to the log-amplitude fluctuations,
is used. Next, the implementation of the filter and the statistical
conversion are presented in a greater detail.

B. Shaping a Gaussian Temporary Spectrum of Irradiance

Consider the simplest development presented in [4] for the
temporal spectrum of irradiance fluctuations in which inner-
scale effects are negligible. It suffers from a main limitation:
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the high numerical complexity surrounding the whole process.
Hence, an easier analysis is proposed, partially taken from [9],
improved and adapted from UHF to optical bands, and where
the adverse effect of the wind velocity is taken into account as
a novel contribution in this paper. We consider a second-order
Gaussian statistical model given by:

Rsc = E[χ(t)χ∗(t − τ)] = σ2
χ exp

[
−

(
τ

τo

)2]
, (6)

where τo is the signal decorrelation time interval. If the
assumption of very large Lo and very small lo is applied then,
according to [14], the condition

lo <
√

λL < Lo (7)

will be satisfied, being λ the wavelength and L the propagation
path length. Under this latter condition, the Fried parameter,
ro, can be approximated by

ro �
√

λL, (8)

where such parameter gives a measure of the atmospheric co-
herence length. Consider that the frozen turbulence assumption
is taken into account so that the internal motion within the
atmosphere may be neglected [5]. When a narrow beam prop-
agating over a long distance is assumed, the refractive index
fluctuations along the direction of propagation will be well-
averaged and will be weaker than those along the transverse
direction to propagation. Hence, only the component of the
wind velocity perpendicular to the propagation direction, u⊥,
will be taken into account. In [17], Fante observed that the
power spectral density bandwidth of the intensity fluctuations
under weak turbulence is:

fc =
1
τo

=
u⊥√
λL

, (9)

as a direct result of the atmospheric motion. Therefore, the
turbulence correlation time is given by

τo =

√
λL

u⊥
. (10)

As in [9], by the Wiener-Khintchine theorem, we can obtain
the power spectral density of χ in terms of its autocorrelation
function as

|Hsc(f)|2 =
∫ ∞

∞
Rsc(τ)e−j2πfτdτ = σ2

χτo

√
πe−(πτof)2 .

(11)
From (11), we can get the filter, Hsc(f), for the first stage

of Fig. 2. The curves illustrated in Fig. 3 corroborate the
Gaussian approximation due to its resembling the expression
of the theoretical Kolmogorov spectrum given in [4].

From the point of view of the phase, we assume a causal
channel whereas the filter frequency response is designed to
have a linear phase (|Hsc(f)|e−jΩTα). Therefore, the behavior
of the filter is given by

Hsc(f) =
(
σ2

χτo

√
π
)1/2

e−
1
2 (πτof)2e−jΩTα, (12)

where Ω = 2πf = ω/T is in rad/s, ω is the frequency in rads,
T is the sampling period and α is the delay introduced by the
system.
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Fig. 3. Zero inner-scale model of Kolmogorov spectrum [4] vs. Gaussian
approximation conformed spectrum.

C. Changing the Statistical Description

At this point, we have modeled the random log-amplitude of
the scintillation, χ, with a statistically Gaussian PDF, fχ(χ).
Next, its PDF is converted from Gaussian to a lognormally
distributed one, that is generally accepted for the irradiance
fluctuations, I , under weak turbulence conditions.

The statistical conversion is carried out with the zero-
memory nonlinear device that was shown in Fig. 2. According
to Gujar and Kavanagh [15], this nonlinear device is just a
one-to-one transformation between χ and αsc of the form:

fχ

(
χ − δχ

2

)
|δχ| = fαsc

(
αsc − δαsc

2

)
|δαsc|, (13)

where fαsc
(αsc) is the lognormal PDF typical of the scintil-

lation coefficients sequence. This fαsc
(αsc) PDF is identical

to the fI(I) PDF shown in (4). Consequently, for any point
(χ, αsc) in the transformation, the probability of χ(t) being in
the range (χ− δχ) to χ is equal to the probability that αsc(t)
is in the corresponding range of (αsc − δαsc) to αsc, where
δχ and δαsc are small increments beyond the points of study
χo, αsco in every moment.

The known initial points are given by the mean values of
the sequences χ and I , whose values are given by [14] [18]:

χo = −σ2
χ,

Io ≡ αsco
= e(−0.5σ2

I );
(14)

where σ2
I is the normalized irradiance variance, as in (5).

IV. SYSTEM MODEL

The performance analysis of the wind influence on rate-
adaptive techniques in FSO communications is based on the
system model shown in Fig. 4. Remarkable elements are:
first, the channel model presented in this paper corresponding
to a turbulent atmospheric environment; second, a three-pole
Bessel high-pass filter with a -1 dB cut-off frequency of 500
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Fig. 4. FSO system model with Monte-Carlo bit error rate estimation.

kHz for natural and artificial light suppression; and last, a
five-pole Bessel low-pass filter employed as a rough matched
filter. In [12] an alternative modulation technique is proposed
for indoor unguided optical links based not on repeating
information bits, but on increasing the peak optical power,
by using the insertion of silence periods while maintaining
the average optical power transmitted at a constant level.
This technique is preferred instead of using a rate-adaptive
transmission scheme based on variable-rate repetition coding
proposed and specified in the advanced infrared (Air) standard
by the Infrared Data Association (IrDA), as was shown in [11].

Owing to the superiority of this rate-adaptive transmission
in indoor, this is adopted in this paper in free space optical
communications by expecting that its good performance was
maintained in this new environment. This rate-adaptive scheme
is based on the insertion of RR − 1 silence bit periods after
an information bit so as to obtain an effective code rate of
rate reduction of RR depending on the channel conditions.
The idea is applied to accommodate the transmission rate to
the channel conditions using variable silence periods. In this
way, the worse channel conditions we have, the higher the rate
reduction RR we need to provide a significant improvement
in terms of BER. The increase in the peak-average optical
power ratio is then used, the average optical power being
maintained at a constant level. In these systems, identical
average optical power represents the reference condition to
establish the comparative analysis. In this fashion, we can
consider a truncated sample function xT (t) that is equal to the
signalling technique for |t| < T/2, where T = (2K + 1)D so
the limit T → ∞ corresponds to K → ∞. Then, for K � 1,

xT (t) =
k=K∑

k=−K

RR · akp (t − kD). (15)

Here, the random variable ak takes the values of 0 for the
bit “0” (off pulse) and 1 for the bit “1” (on pulse) and the D
parameter represents the symbol period resulting from the rate
reduction corresponding to the scheme proposed, so that we
can write D = RR · Tb, being rb = 1/Tb the bit rate initially

employed. In this way, considering the sample function xT (t)
as instantaneous optical power, the average optical power
transmitted with no rate reduction (RR = 1) is given by

Pt|D=Tb
= p(ak = 1) · Ppulse =

1
2
Ppulse, (16)

being Ppulse the average optical power evaluated in Tb corres-
ponding to the pulse shape used; hence, we can justify the
increase of the peak optical power when RR > 1 as follows

Pt|D=RR·Tb
= p(ak = 1) · 1

RR
· Ppulse. (17)

However, we adapt not only this rate-adaptive technique based
on inserting silence periods but also a signaling technique
based on giving memory by using the pulse position, as was
shown in [12] with the OOK-GSc format. As was explained
in [12], OOK-GSc format is designed to avoid the appearance
of more than one pulse in sets of two consecutive symbol
periods, increasing the peak optical power while maintaining
the average optical power at the same constant level as before.
In this way, the information bit ‘1’ will be represented by
the absence of a pulse or the presence of a pulse with the
position modified within the symbol period, whereas the bit ‘0’
will be represented by the absence of a pulse or the presence
of a pulse but without modifying its position. OOK-GSc is
based on a Markov chain of three states, providing two coded
bits each information bit and thus, representing a value of
RR=2. The resulting OOK-GSc signaling scheme is shown in
Fig.5. Again, we can consider the truncated sample function
xT (t) corresponding to this new signalling technique. Then,
for K � 1,

xT (t) =
k=K∑

k=−K

3
2
RR · akp

(
t − D

4
(1 + bk) − kD

)
, (18)

where ak = {0, 1} and bk = {0, 1,−1}. Now, taking into
account that the presence of pulse only happens when ak = 1,
we can justify the increase of the peak optical power as follows

Pt|D=RR·Tb
= p(ak = 1) · 1

RR
· Ppulse =

=
1

3 · RR
Ppulse =

2
3

1
RR

Pt|D=Tb
. (19)

V. NUMERICAL RESULTS

In this section, we present numerical simulations in order
to evaluate the performance of the rate adaptive techniques
previously described. Here, we assume IM/DD links operating
at a bit rate of 50 Mbps. In relation to the detection proce-
dure, a maximum likelihood (ML) detection is considered for
OOK formats, while a maximum likelihood sequence detector
(MLSD) based on the Viterbi algorithm was employed for
the OOK-GSc format. For simplicity, the index of refraction
structure parameter, C2

n, is at a constant level, corresponding
to a horizontal path of 250 m. Additionally, we employ a
830-nm laser wavelength. In this section, the adverse effect
of two atmospheric parameters is studied: the strength of
the turbulence, σ2

I , and the wind velocity, transverse to the
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Fig. 5. OOK-GS format with pulses modifying their position in order to
avoid the presence of more than one pulse in sets of two consecutive symbol
periods.

direction of light propagation, u⊥. For instance, temporal
behavior of scintillation sequences for u⊥ of 2 and 3 m/s
with σχ = 0.1, obtained as described in the second section, is
displayed in Fig. 6. As a consequence of its computational
simplicity, we assume the second-order Gaussian statistical
model for the scintillation, as described earlier.

In Fig. 7, obtained results are displayed assuming
σχ = 0.1 and 0.14, and u⊥ = 2 m/s and 3 m/s, i.e., a wind
velocity of approximately 20 and 30m/s, respectively, for the
parallel component to the direction of propagation, u‖, under
the assumption of u⊥ = 0.1u‖. Comparing Fig. 7(a) and (b),
a greater degradation of the bit error rate (BER) can be noted
as the turbulence and wind velocity are more severe. However,
the superiority of the OOK format with Gaussian pulse shape
is corroborated if compared with the classic NRZ scheme.
Additionaly, the main conclusion we can deduce from these
figures is the greater vulnerability to the turbulence as the
wind velocity is increased. In this sense, the need for the use
of the simple rate-adaptive technique based on variable silence
periods can be noted in order to maintain the link performance
at a sufficiently low error probability. Furthermore, improve-
ment in performance can also be corroborated when the use
of memory to encode the bit information is adopted with the
OOK-GSc format if compared with the OOK-GS format and
a rate reduction of 2.

OOK-GSc format is redrawn in Fig. 8, together with the
BER curves corresponding to the PPM scheme but using a
Gaussian pulse shape (GPPM). Here, a classic variable-rate
repetition coding has been adopted in order to configure a rate-
adaptive environment. From Fig. 7 and Fig. 8, a remarkable
improvement in performance can be noted when the rate-
adaptive technique based on variable silence periods (with and
without memory) is adopted in relation to the GPPM scheme
following the classic variable-rate repetition coding. This supe-
riority is even more relevant as the wind velocity is increased,
showing a greater robustness to the more severe atmospheric
turbulence conditions, so that, for instance, we can achieve
a cut in average optical power requirements above 2.1 and
2.2 optical dB at a bit rate of 10−5 for u⊥ of 2 and 3 m/s,
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Fig. 6. Scintillation coefficients, αsc(t), generated with σχ = 0.1 and wind
velocity of u⊥ = 2 m/s (dotted) and u⊥ = 3 m/s (solid).
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(b) u⊥ = 3 m/s.

respectively, assuming RR = 4 and σχ = 0.1; while a cut in
average optical power requirements above 3.2 and 3.5 optical
dB is achieved when σχ = 0.14.

VI. CONCLUDING REMARKS

In this paper, a novel model for the atmosphere as an optical
communication channel is presented, considering not only the
turbulence effects due to the refractive index variation but
also the negative effect of the wind velocity. Additionally, the
very good performance of a simple rate-adaptive transmission
scheme based on the use of variable silence periods and OOK
formats with memory, previously proposed in indoor unguided
optical links by the authors, is also corroborated in free-
space optical links, showing a greater robustness to adverse
conditions of turbulence and wind velocity.

The main conclusion we can deduce from this paper is
the need for the use of the simple rate-adaptive technique

based on variable silence periods in order to maintain the
link performance at a sufficiently low error probability. In this
sense, a remarkable improvement in performance can be noted
when the rate-adaptive technique based on variable silence
periods (with and without memory) is adopted in relation to
the GPPM scheme following the classic variable-rate repetition
coding. This superiority has shown to be even more relevant as
the wind velocity is increased, providing a greater robustness
to the more severe atmospheric turbulence conditions.
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