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ABSTRACT

In this work, the use of a rate-adaptive transmission

scheme based on silence periods and treated as runlength-

limited (RLL) sequence is proposed in order to mitigate

the adverse effect of atmospheric turbulence in optical

free space communications. Results show that the bit er-

ror rate obtained by the proposed scheme is similar to that

of the Viterbi algorithm with a much lower computational

load.
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1 Introduction

Atmospheric optical communication is receiving consid-

erable attention recently for use in high data rate wire-

less links [1]-[2]. Considering their narrow beamwidths

and lack of licensing requirements as compared to mi-

crowave systems, atmospheric optical systems are appro-

priate candidates for secure, high data rate, cost-effective,

wide bandwidth communications. Furthermore, the at-

mospheric optical communications are less susceptible

to the radio interference than radio-wireless communica-

tions. Moreover, atmospheric free space optical (FSO)

communication systems represent a promising alterna-

tive to solve the “last mile” problem, above all in densely

populated urban areas. However, even in clear sky condi-

tions, wireless optical links may experience fading due

to the turbulent atmosphere. In this respect, inhomo-

geneities in the temperature and pressure of the atmo-

sphere lead to variations of the refractive index along

the transmission path. These random refractive index

variations produce fluctuations in both the intensity and

the phase of an optical wave propagating through this

medium [3]. Such fluctuations can lead to an increase

in the link error probability limiting the performance of

communication systems. In this particular scenario, the

turbulence-induced fading is called scintillation. Finally,

weather-induced attenuation caused by rain, snow and

fog can also degrade the performance of atmospheric op-

tical communication systems in the way shown in [4], but

it is not considered in this paper.

With the aim of mitigating the pernicious effect of

the atmospheric scintillation, a novel way of employ-

ing rate-adaptive transmission schemes based, not on re-

peating information bits, but on inserting variable silence

periods and considered as run-length limited (RLL) se-

quence, is proposed in this paper in order to improve the

performance of atmospheric FSO communication sys-

tems. Moreover, in previous works by the authors, on-off

keying (OOK) format with Gaussian pulses (OOK-GS)

and reduced duty cycle (d.c.) has shown to be an effi-

cient and simple alternative to the PPM scheme, present-

ing better performance when threshold detection is used

in indoor environments [5]–[7] and atmospheric environ-

ments [8]–[9]. As will be shown through this paper, re-

sults derived from the use of such RLL schemes are quite

close to the performance that a detection procedure based

on the Viterbi algorithm could achieve. In addition, such

obtained results for the RLL schemes are achieved with a

a very simple decoding method based on combinational

logic.

2 Turbulent atmospheric channel model

Temperature, pressure and humidity fluctuations, which

are close related to wind velocity fluctuations, are primar-

ily the cause of refractive index fluctuations transported

by the turbulent motion of the atmosphere. In fact, all

these effects let the formation of unstable air masses that,

eventually, can be decomposed into turbulent eddies of

different sizes, initiating the turbulent process. This at-

mospheric turbulent process can be physically described

by Kolmogorov cascade theory [3], [10]-[12]. Thus, tur-

bulent air motion represents a set of eddies of various

scales sizes. Large eddies become unstable due to very

high Reynolds number and break apart [11], so their en-

ergy is redistributed without loss to eddies of decreasing

size until the kinetic energy of the flow is finally dis-

sipated into heat by viscosity. The scale sizes of these

eddies extend from a largest scale size L0, smaller than

those at which turbulent energy is injected into a region

and that defines an effective outer scale of turbulence

which near the ground is roughly comparable with the

height of the observation point above ground; to a small-

est scale size l0 denoted the inner scale of turbulence, the
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scale where the Reynolds number approaches unity and
the energy is dissipated into heat. It is assumed that each
eddy is homogeneous, although with a different index of
refraction. These atmospheric index-of-refraction varia-
tions produce fluctuations in the irradiance of the trans-
mitted optical beam, what is known as atmospheric scin-
tillation.

It is widely accepted two further assumptions: the
assumption of local homogeneity and the assumption of
local isotropy. The first of them, the local homogeneity
assumption, implies that the velocity difference statistics
depend only on the displacement vector, r. Hence, we
may write the random variation of the refractive index as
[13]:

n(r) = n0 + n1(r), (1)

where r is the displacement vector, n0
∼= 1 is the ensem-

ble average of n (its free space value), whereas n1(r)�
1 is a measure of the fluctuation of the refractive index
from its free space value.

The second assumption is the supposition of local
isotropy, which implies that only the magnitude of r is
important. On the other hand, for locally homogeneous
and isotropic turbulence, a method of analysis involving
structure functions is successful in meeting such problem
[14]. Hence, we can define the structure function for the
refractive index fluctuations, Dn(r), as:

Dn(r) = E
[(
n(r1)− n(r1 + r)

)2]
=

= 2
[
Bn(0)−Bn(r)

]
,

(2)

where E[·] is the ensemble average operator,Bn(r) is the
covariance function of the refractive index and r = |r|.
By applying the Fourier transform to Bn(r), we can
obtain the spatial power spectrum of refractive index,
Φn(κ). Then, we consider now that the outer scale, L0,
and the inner scale, l0, of turbulence satisfy the following
conditions [12] :

L0 �
√
(λL), and l0 �

√
(λL), (3)

where λ is the optical wavelength and L is the transmis-
sion range. Hence, the result is the easiest of the expres-
sions to describe Φn(κ), given by

Φn(κ) = 0.033C2

nκ
−11/3,

1

L0

� κ�
1

l0
. (4)

that it is usually named as Kolmogorov spectrum [3]. This
power spectrum of refractive index represents the energy
distribution of turbulent eddies transported by the turbu-
lent motion. In the last expression, κ is the spatial wave
number and C2

n is the refractive-index structure param-
eter, which is altitude-dependent. Under the so-called
Rytov approximation [12], the field, u(r), of an optical
wave propagating at distance L from the source can be
expanded as [2]:

u
(
r

)
= u0

(
r

)
· exp

[
Φ1

]
= u0

(
r

)
· exp

[
χ
(
r

)
+ jS

(
r

)]
,

(5)
where u0

(
r

)
is the field amplitude without air turbu-

lence, χ is the log-amplitude fluctuation, S is the phase
fluctuation and the exponent of the perturbation factor

is given by Φ1 = χ + S. The resulting expression
for Φ1, described in [12], asserts that the multiplica-
tive perturbation, exp

[
χ
(
r

)
+ jS

(
r

)]
, is directly re-

lated to the continuum scale sizes of the turbulent ed-
dies, and so, by the Central Limit Theorem, Φ1(r) is
governed by Gaussian statistics and, therefore also, the
log-amplitude, χ(r), and the phase, S(r), of the optical
wave. As a system based on an intensity modulation and
direct detection (IM/DD) scheme is considered in this
paper, then the irradiance fluctuations seen in reception
are primarily concerned. Thus, if we apply the definition
I(r, L) = U(r, L)U∗(r, L), then the light intensity, I(t),
is related to the log-amplitude of the optical wave, χ, by

I(t) = I0 exp
[
2χ(t)

]
(6)

as was written in [3]. In (6), I0 =
∣∣A0

∣∣2 is the irradi-
ance fluctuation in absence of air turbulence in order to
ensure that the fading does not attenuate or amplify the
average power, i.e., E[I] =

∣∣A0

∣∣2. This may be thought
of as a conservation of energy consideration and requires
the choice of E[χ] = −σ2

χ, as was explained in [15]-[16],
where E[χ] is the ensemble average of log-amplitude
whereas σ2

χ is its variance. Hence, from the Jacobian sta-
tistical transformation, the probability density function of
the intensity can be identified to have a log-normal distri-
bution

fI(I) =
1

2I

1√
2πσ2

χ

exp

(
−
(ln I − ln Io)

2

8σ2
χ

)
, (7)

typical of weak turbulence regime [2]. With these consid-
erations taken into account, the received optical power,
Y (t), in an IM/DD system can be written as

Y (t) = αsc(t)Pr(t) +N(t), (8)

where Pr(t) is the received optical power without
scintillation and αsc(t) = exp

[
2χ(t)

]
is the temporal

behavior of the scintillation sequence and represents the
effect of the intensity fluctuations on the transmitted sig-
nal. Finally, the additive white Gaussian noise, N(t),
is assumed to include any front-end receiver thermal
noise as well as shot noise caused by ambient light much
stronger than the desired signal.

3 Rate-adaptive Techniques Based on RLL
Codes Using Silence Periods

The generation of runlength limited (RLL) sequences
is presented in [17] as a suitable technique for encod-
ing data in different optical or magnetic storage appli-
cations. However, since in optical transmission environ-
ments the signal takes only positive values, the original
definition must be modified as shown in [7]. Conse-
quently, aRLL(d, k) sequence must satisfy the following
conditions:

1. A RLL sequence is a string of symbols of ones and
zeros with at least ‘d’ zeros between consecutive
ones.
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Figure 4. BER against normalized average optical power
for different values of σ2

χ and for the OOK-GS format
without memory and RR=4, OOK-GScc implemented by
combinational logic and OOK-GScc with a procedure de-
tection based on the Viterbi algorithm, with a duty cycle
(d.c.) of (a) d.c.=100% and (b) d.c=25%. Again, the ref-
erence point (0 dB) represents the average optical power
required by the OOK-GSc format with a d.c. of 25% us-
ing a decoding scheme based on Boolean logic to achieve
10−4 BER.

reduction RR we need to provide a significant improve-
ment in terms of BER. The increase in the PAOPR 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. Obtained results shown through
this paper confirm this fact. In this sense, the use of very
simple decoding schemes based on Boolean logic have
been proposed as alternative to the detection based on
the Viterbi algorithm, reducing the implementation com-
plexity in a remarkable way while offering similar results
in performance for different intensities of turbulence.
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