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Abstract—Atmospheric turbulence can cause a sig-
nificant performance degradation in free-space opti-
cal communication systems. It is well known that the
effect of turbulence can be reduced by performing ap-
erture averaging andÕor employing spatial diversity
at the receiver. In this paper, we provide a synthesis
on the effectiveness of these techniques under differ-
ent atmospheric turbulence conditions from a tele-
communication point of view. In particular, we quan-
tify the performance improvement in terms of
average bit error rate (BER) and outage capacity,
which are among important parameters in practice.
The efficiency of channel coding and the feasibility of
exploiting time diversity in aperture averaging re-
ceivers are discussed as well. We also compare single-
and multiple-aperture systems from the point of view
of fading reduction by considering uncorrelated fad-
ing on adjacent apertures for the latter case. We show
that when the receiver is background noise limited,
the use of multiple apertures is largely preferred to a
single large aperture under strong turbulence condi-
tions. A single aperture is likely to be preferred under
moderate turbulence conditions, however. When the
receiver is thermal noise limited, even under strong
turbulence conditions, the use of multiple apertures
is interesting only when working at a very low BER.
We also provide discussions on several practical is-
sues related to system implementation.

Index Terms—Atmospheric turbulence; Aperture
averaging; Spatial diversity; Free-space optics.

I. INTRODUCTION

F ree-space optical (FSO) communication systems
can provide huge data transmission rates and

have attracted considerable attention during the past

Manuscript received June 19, 2009; revised September 25, 2009;
accepted October 9, 2009; published October 30, 2009 �Doc. ID
113009�.

M.-A. Khalighi (e-mail: Ali.Khalighi@fresnel.fr), N. Aitamer, and
S. Bourennane are with École Centrale Marseille, Institut Fresnel,
UMR CNRS 6133, Marseille, France.

N. Schwartz is with the Department of Theoretical and Applied
Optics (DOTA), ONERA, Châtillon, France.

Digital Object Identifier 10.1364/JOCN.1.000580
1943-0620/09/060580-14/$15.00 ©
ew years for a variety of applications and markets
1–3]. In practice, considering clear sky conditions, at-

ospheric turbulence causes random fluctuations of
he phase and the amplitude of the received signal, or
n other words, channel fading. These intensity fluc-
uations, called scintillation, can result in a consider-
ble degradation of the system performance. Fading is
ore significant in long-distance transmissions as
ell as in the case of communication with a moving
latform. A comprehensive survey of optical-
ropagation effects can be found in [4].

It is well known that to mitigate efficiently channel
ading, one can make use of diversity techniques. We
ave considered in previous work [5,6] the use of time
iversity and shown that substantial performance im-
rovement can be obtained by performing channel
oding and interleaving. Another approach proposed
n [7] considers the transmission of the data stream
wice, on two polarizations, for example, with enough
elay between them; data detection at the receiver is
hen done based on the two streams. A generalization
f this scheme is considered in [8] as well. All these
pproaches, however, often impose long delay laten-
ies and necessitate the use of large memories for stor-
ng long data frames. Another solution is to employ
patial diversity for fading reduction. Aperture aver-
ging can be seen as a simple form of spatial diversity
hen the receiver lens aperture is larger than the fad-

ng correlation length [4,9]. The use of aperture aver-
ging for reducing the effect of scintillation has been
idely considered in the literature and in practical

ystems [4,9–17]. Fading reduction is usually quanti-
ed by considering the so-called aperture averaging

actor (defined later in Subsection III.B). It is shown
hat substantial scintillation reduction can be ob-
ained, especially in the case of strong turbulence.
etter scintillation reduction could be obtained by us-

ng multiple lenses at the receiver and/or using mul-
iple beams at the transmitter [8,18].

Here, we consider the case where we work with a
onochromatic laser and a single beam at the trans-
itter. Our aim is to study the impact of aperture av-

raging on the system performance by considering as
2009 Optical Society of America
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criteria the system average bit error rate (BER) as
well as the outage capacity Cout, which are important
parameters in a practical FSO system because they
are directly related to the quality of data transmission
and link availability. Through realistic examples and
case studies we show the effective performance im-
provement under different turbulence conditions.
First, we review aperture averaging receivers and
show the performance gain for different turbulence re-
gimes by presenting some numerical results. In par-
ticular, we illustrate the impact of the inner scale of
turbulence. The efficiency of channel coding in reduc-
ing the system BER is also studied. Then, we consider
multiple aperture receivers, assuming uncorrelated
fading on adjacent apertures, and compare their per-
formances with that of a single aperture receiver of
the same overall aperture size. In contrast to the pre-
vious works such as [4,8], we will discuss the rational-
ity of preferring one solution to another for different
practical aperture sizes. In particular, we consider two
cases of background and thermal noise-limited receiv-
ers. We show that for the former case, the use of mul-
tiple apertures is largely preferred to that of a single
large aperture under strong turbulence conditions. A
single aperture is likely to be preferred under moder-
ate turbulence conditions, however. For the latter
case, we show that, even under strong turbulence con-
ditions, the use of multiple apertures is interesting
only when working at very low BER.

Note that numerous works have already appeared
on this topic. Yet, our motivation behind this work has
been to quantify the the system performance in terms
of BER and Cout and to evaluate the improvement by
considering these parameters. This would make more
sense for people from the telecommunication and sig-
nal processing community who are not necessarily fa-
miliar with the physical phenomena behind optical
wave propagation. Meanwhile, we make the analogy
with the classical aperture averaging factor criterion
that is usually considered in the literature. The pa-
rameters considered in our synthesis such as receiver
aperture sizes are rational and mostly correspond to
those used in practical FSO systems. In view of pro-
viding perspectives to design engineers, in addition to
the theoretical studies, we also provide discussions on
the implementation issues and the corresponding
limitations on the performance improvement. In par-
ticular, we consider the impact of channel coding and
signal modulation, the feasibility of exploiting time di-
versity, the limitation or not of the aperture averaging
gain by the detector size, and the feasibility of attain-
ing uncorrelated fading conditions for multiple aper-
ture receivers. To the best of our knowledge, such a
synthesis that brings all these points together is miss-
ing in the literature.

The organization of the paper is as follows. In Sec-
ion II, we present the main assumptions concerning
ignal transmission and detection. In Section III, we
rovide some generalities on turbulence modeling. We
resent some numerical results in Section IV to study
he performance improvement by aperture averaging
y considering the aperture averaging factor and the
verage BER. Then, the impact of channel coding
sed in combination with aperture averaging is stud-

ed in Section V. Next, we consider the improvement
n terms of the outage capacity in Section VI. A com-
arison of single- and multiple-aperture receivers is
hen presented in Section VII. Finally, Section VIII
oncludes the paper.

II. SYSTEM MODEL AND ASSUMPTIONS

Consider a typical FSO system, where the
nformation-bearing laser beam is projected onto the
ptical receiver along the line of sight. For the sake of
mplementation simplicity, we consider intensity

odulation with direct detection (IM/DD) because it is
sed in most current optical communication systems.
t the transmitter, binary data are converted to im-
ulses of duration Ts according to the nonreturn-to-
ero (NRZ) on–off keying (OOK) modulation, unless
therwise specified. At the receiver, the incident beam
s collected on a lens of diameter D before being fo-
used on a photodetector that converts it to an electri-
al signal. We present the system model based on the
eceived signal intensity and not on photon counting,
s sometimes considered in the literature [19]. The
atter is essentially adapted to deep-space FSO sys-
ems. In fact, in most terrestrial FSO systems, the re-
eived flux is important enough to allow working with
he beam intensity directly. In addition, photon count-
ng could not be done practically. Let the received sig-
al be

r = �I + n, �1�

here � is the optical/electrical conversion efficiency.
lso, n is the sum of thermal, dark, background, and
hot noise and is modeled as a Gaussian white sta-
ionary random process of variance �n

2. The Gaussian
ssumption is usually used for thermal and back-
round noise. In shot-noise-limited receivers, the
aussian assumption could still be used, but the noise
ower will depend on the received signal intensity;
hat is, it will depend on whether a one or a zero is
ransmitted [20]. We assume that the shot-noise con-
ribution in n is negligible.

Without loss of generality, we set �=1. After optical/
lectrical conversion and sampling, we perform signal
emodulation. In this work, we consider optimal sig-
al detection at the receiver based on the maximum a
osteriori (MAP) criterion, assuming perfect channel
nowledge. Note that the channel can be estimated
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based on some training symbols [21], and the results
are very close to the perfect channel knowledge case
by using only a few pilots [5]. In the results to be pre-
sented, we will not consider any channel coding, un-
less otherwise mentioned. We consider the quasi-
static channel model by which the channel fading
coefficients remain constant during the transmission
of a frame of symbols. We will later explain in Section
V the rationality of this assumption.

To compare the receiver performance for different
lens diameters D, we fix the noise variance �n

2 and
also consider normalized average received intensity,
i.e., we set E�I�=1. This, in fact, represents a
background-noise-limited fixed field-of-view (FOV) re-
ceiver. In such a case, by increasing the pupil area by
a factor m, the received signal and noise powers in-
crease by the same factor [22], and hence, the signal-
to-noise ratio (SNR) does not change. Note that this is
valid when either optical or electrical SNR is consid-
ered. If the receiver is thermal noise limited, the noise
variance does not depend on D, but by setting E�I� to
1, we will not take into account the gain in the signal
power. Nevertheless, the comparison of different sys-
tems in this way remains interesting because it helps
to investigate the improvement in terms of fading re-
duction.

Finally, we assume that the photodetector area is
sufficiently large to permit the system to benefit fully
from aperture averaging, irrespective of the turbu-
lence strength (discussions on this assumption are
made in Section VIII). Other assumptions on the at-
mospheric turbulence will be specified later in Subsec-
tion IV.A after presenting the turbulence modeling.
Let us summarize our main assumptions before pro-
ceeding to the next section:

• Channel time variations are very slow; the quasi-
static model applies.

• The normalized SNR is considered at the receiver
for any aperture size.

• The photodetector area is sufficiently large to col-
lect the whole optical beam at the focal plane of
the receiver.

III. TURBULENCE MODELING

A comprehensive study of turbulence modeling can
be found in [4]. Atmospheric turbulence can be char-
acterized by three parameters: the inner scale l0, the
outer scale L0, and the index of the refraction struc-
ture parameter Cn

2, sometimes called the turbulence
strength [23]. Throughout the paper, we consider the
context of terrestrial FSO systems and assume the
condition of homogeneous turbulence. That is, we as-
sume that Cn

2 does not depend on the distance. Gener-
ally, the distinction between different turbulence re-
gimes is made based on the Rytov variance �2 :
R
�R
2 = 1.23Cn

2k7/6L11/6, �2�

here k=2� /� is the wave number with � being the
avelength, and L is the link distance. In this way,
eak, moderate, and strong turbulence conditions are

haracterized by �R
2 �1, �R

2 �1, and �R
2 �1, respec-

ively. Notice that �R
2 is just a theoretical parameter

hat is used for specifying the turbulence conditions.
n the weak turbulence regime, we have �R

2 ��ln I
2

�I
2, where �ln I

2 and �I
2 denote the variance of log in-

ensity fluctuations and the scintillation index, re-
pectively. For relatively strong turbulence conditions,
e enter the saturation regime, and the scintillation

ndex can be much smaller than that predicted by the
ytov model. Let us recall some definitions that we
ill use later in the paper:
• Fresnel zone F=�L /k;
• coherence radius �0= �1.46Cn

2k2L�−3/5, l0��0�L0
(expression valid for the plane-wave propagation
model [4]);

• scattering disk L /k�0.
ote that under moderate to strong turbulence condi-

ions, only eddies smaller than �0 or larger than the
cattering disk L /k�0 contribute effectively to the at-
ospheric turbulence [4].

. Propagation Model

In the literature, usually the plane- or spherical-
ave propagation models are considered. These mod-
ls that are simpler and more analytically tractable
old with the approximation of a point optical source.
ometimes, analyses are done assuming a collimated
aussian-beam wave, where the power profile of the
eam is close to a Gaussian. For optical links through
pace, the plane-wave propagation model is mostly ap-
ropriate for space-to-ground transmissions, whereas
he spherical propagation model is suitable for
round-to-space transmission links. For horizontal
terrestrial) transmissions, the Gaussian-beam model
s a good approximation, however [24]. It should be
oted that, when the Gaussian beam has a relatively

arge divergence, its statistical properties are close to
he case of a point source [12]. For such a beam, we
an effectively use the approximations of plane or
pherical waves. Unless otherwise mentioned, for the
ake of modeling simplicity, we consider in this paper
he conditions of plane-wave propagation.

. Statistical Modeling

For intensity fluctuations, we adopt the Gamma–
amma �		� channel model that can describe any

ype of turbulence, i.e., weak, moderate, or strong.
he corresponding probability density function (PDF)

s
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P�I� =
2�
���
+��/2

	�
�	���
I�
+��/2−1K
−��2�
�I�1/2�, I � 0,

�3�

where 
 and � are effective numbers of large- and
small-scale eddies of the scattering environment, re-
spectively, and are directly related to the atmospheric
conditions. Also, K
�x� is the modified Bessel function
of the second kind and order 
. Expressions for calcu-
lating the parameters 
 and � for different propaga-
tion conditions can be found in [4].

Let us denote by �I
2�D� the scintillation index, i.e.,

the variance of intensity fluctuations, for a receiver
lens of diameter D. The effect of aperture averaging is
to decrease this variance for D�0. The 		 statistical
model can still be used with modified parameters 

and �. For a given D, the effectiveness of aperture av-
eraging depends on the propagation conditions. Here,
we just recall the expression of �I

2 for the case of
plane-wave propagation, L0�
, and l0�0 [4]:

�I,PL
2 �D� = exp	 0.49�R

2

�1 + 0.653d2 + 1.11�R
12/5�7/6

+
0.51�R

2 �1 + 0.69�R
12/5�−5/6

1 + 0.9d2 + 0.621d2�R
12/5 
 − 1, �4�

where d=�kD2 /4L is the circular aperture radius
scaled by the Fresnel zone, and the subscript PL de-
notes explicitly the assumption of plane-wave propa-
gation. The parameter that is usually used to quantify
the fading reduction by aperture averaging is the ap-
erture averaging factor:

A =
�I

2�D�

�I
2�0�

, �5�

where �I
2�0� denotes the scintillation index for a point

receiver �D=0�. For the weak fluctuation regime, A
can be approximated as [4]

A �	1 + 1.062�D2

4

k

L�
−7/6

. �6�

IV. EFFECT OF APERTURE AVERAGING

We present here some simulation results to study
the effect of aperture averaging under different turbu-
lence conditions.

A. Parameters Considered for Numerical Results

We consider a wavelength of �=1550 nm. Three
cases of strong, moderate, and weak turbulence are
considered, for which we set L=1500 m and C2 =4.58
n
10−13 m−2/3, L=500 m and Cn
2 =4.58�10−13 m−2/3,

nd L=500 m and Cn
2 =7�10−16 m−2/3, respectively.

sing Eq. (2), the Rytov variance corresponding to
hese three cases is �R

2 =19.18, �R
2 =2.56, and �R

2

0.004, respectively. The inner scale is set to l0
4.6 mm, based on the experimental results of [9] for
n
2 =4.58�10−13 and �=1550 nm. We neglect the outer

cale as it has a negligible impact on the scintillation
ndex in practice [4]; i.e., we assume that L0�
.

For the simulations, we will present the receiver
erformance in terms of average BER as a function of
NR. We consider the electrical SNR in the form of
b /N0, where Eb is the average received energy per in-

ormation bit, and N0 is the unilateral noise power
pectral density. For the case of uncoded OOK, Eb /N0
quals the actual SNR. At the receiver, the electrical
ignal power is considered as E�I2�. For temporal
ariations of the turbulence, we use the quasi-static
frozen) channel model. Each frame corresponds to
000 bits. Since a quasi-static channel is considered,
he frame length has almost no impact on the BER re-
ults to be presented.

. Aperture Averaging Factor

The aperture averaging factor A has already been
tudied in numerous works. Nevertheless, we prefer
o briefly recall the general points by considering the
hree special cases of weak, moderate, and strong tur-
ulence, specified above. These results are useful
hen discussing other simulation results presented

ater in this section. For the classical case of plane-
ave propagation, we have presented the curves of A
ersus the normalized receiver lens radius d in Fig. 1.
or the moderate and strong turbulence regimes, both
ases of l0=0 and l0=4.6 mm are considered.

For l0=0, we have almost the same behavior for the
eak and moderate turbulence cases. For the strong

urbulence regime, we have the famous leveling effect
redicted for �0�D�L /k�0; A continues to decrease
or D�L /k�0 [13]. From Fig. 1, the leveling effect can
e attributed to about 1�d�5, or equivalently to
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ig. 1. (Color online) Aperture averaging factor, plane-wave
ropagation.
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38 mm�D�150 mm. Remembering the parameters
from Subsection IV.A, for this case, we have �0
=3 mm and L /k�0=123 mm.

We propose here an interpretation for the results of
Fig. 1, notably concerning the leveling effect, by con-
sidering the scintillation speckles at the receiver. For
weak to moderate turbulence regimes, the scintilla-
tion speckles at the receiver have roughly a circular
shape with the size of the order of ��L [25]. For these
cases, we see that A begins to decrease effectively for
D���L because the pupil can effectively average over
an increasing number of speckles. For the cases of
relatively strong turbulence, the scintillation speckles
at the receiver have an elongated shape with two
characteristic sizes d1=r0 and d2=�L /r0, where r0 is
the Fried parameter [26]. By increasing D, we first av-
erage over the d1 dimension where A decreases
steadily. Then, we reach the area of the leveling effect
where we cannot average effectively over d2 (while
continuing to average over d1) until D is increased
sufficiently. To better understand this point, we have
presented the intensity fluctuation spatial spectrum
for the case of weak and strong turbulence in Fig. 2.

Fig. 2. Spatial spectrum WI of intensity fluctuations normalized by
the Rytov variance �R

2 for (a) weak turbulence regime and (b) strong
turbulence regime. Spectra are obtained via simulating wave propa-
gation through turbulence using the phase screens method.
If the inner scale l0 is not negligible, we notice from
ig. 1 that the aperture averaging is more effective.
his can be explained by the fact that larger inner
cales result in larger values of irradiance variance,
.e., �I

2�0� for the strong turbulence regime [27,28].
his is also seen in the case of moderate turbulence,
ut the difference is much less important. The slight
hift in the leveling effect might be explained by a
light shift of characteristic frequencies of the spatial
ntensity spectrum for l0�0 [28].

. Average BER Performance

Let us now consider the average BER performance
f the receiver. We begin with the strong turbulence
egime. BER curves for the case of plane-wave propa-
ation are shown in Fig. 3 for l0=0 and l0=4.6 mm
nd different lens diameters D. We have also provided
he corresponding curve for the Gaussian channel
ase, i.e., in the absence of turbulence, as a reference.
otice that in practical FSO systems, the guaranteed

ink BER is usually of the order of 10−9 or even lower.
owever, due to long Monte Carlo simulations, we
ave limited the results to BERs of about 10−6. (For a
iven SNR, we generate as many frames as necessary
o obtain at least 1000 frame errors and 5000 bit er-
ors.) We have only presented the BER curves for
omewhat practical values of D. To see the comparison
ith smaller D and especially with the case of a point

eceiver, see [29].

Let us first consider the case of l0=0 for which we
ave �0=3 mm and L /k�0=123 mm. We notice from
ig. 3 that significant performance improvement is
chieved by increasing the receiver aperture size. For
nstance, by increasing D from 20 to 100 mm, we ob-
ain a gain of about 7 dB in SNR at the BER of 10−5.
rom Fig. 1, saturation of A was predicted for
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ig. 3. (Color online) Average BER performance in the strong tur-
ulence regime with �R

2 =19.18, plane-wave propagation.
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38 mm�D�150 mm. This is confirmed by the BER
curves: We have a relatively small improvement by in-
creasing D from 50 to 100 mm, but for D�200 mm,
we have again an effective decrease in BER.

When the inner scale of turbulence is not negligible,
the turbulence has a more destructive effect [27]. Be-
sides, as we see from Fig. 3 (dashed curves), we have a
more significant decrease in BER for l0=4.6 mm, even
when increasing D from 200 to 300 mm, for example.
This again confirms the results of Fig. 1. Note that, al-
though for relatively large D �D�200 mm�, the per-
formance for l0=4.6 mm approaches that for l0=0,
there still remains a considerable difference between
the corresponding BER curves.

Let us now consider the case of moderate turbu-
lence. Results are shown in Fig. 4. Remembering the
parameters from Subsection IV.A, for this case, we
have �0=5.8 mm and L /k�0=21 mm. We notice that
for D�50 mm, the BER curves for l0=0 are very close
to the those for l0�0. The fact that aperture averag-
ing reduces the effect of l0 is hence confirmed clearly.
With D=300 mm, we are very close to the case of the
no-turbulence (Gaussian) channel.

Finally, Fig. 5 shows the BER curves for the weak
turbulence regime. Here, “Pt Rx” denotes the case of a
point receiver, i.e., the absence of aperture averaging.
No surprise, the gain obtained by aperture averaging
is far less impressive than that for moderate or strong
turbulence regimes. For instance, for a BER of 10−5,
compared with the point receiver, we obtain only a
gain of 0.33 dB in SNR, by using a 50 mm lens.

When more complex modulation techniques are
used, the performance improvement by fading reduc-
tion via aperture averaging is more significant. As an
example, for the case of a moderate turbulence re-
gime, we have presented in Fig. 6 the SNR gain to
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Fig. 4. (Color online) Average BER performance in the moderate
turbulence regime with �2 =2.56, plane-wave propagation.
R
chieve the BER of 10−5 for different lens diameters D
hen Q-ary pulse position modulation (PPM) [22] is
sed. The SNR gain is with respect to a point receiver,
nd three cases of Q=2, 4, and 8 are considered. The
erformance of binary PPM (BPPM) is the same as
hat of OOK. We notice from Fig. 6 a larger gain for
ncreased modulation order Q.

. Effect of Propagation Model and Impact on Fade
tatistics

Compared with the case of plane-wave propagation,
he performance improvement by aperture averaging
s less significant for the spherical-wave propagation
ase. It is the inverse round for the Gaussian-beam
odel where substantial improvement is obtained by

perture averaging. The reader is referred to [29] for
ome numerical results on the comparison of these
ases. The interesting point is that, for large aperture
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sizes, as well as for the point receiver case, the BER
curves of the Gaussian-beam model are close to those
of the plane-wave model [29]. In such cases, we may
adopt the approximation of plane-wave propagation
for a Gaussian beam.

Concerning the fade statistics, since averaging is
specially done over the small-scale fluctuations, the
PDF of the channel fades shifts toward that of the
large-scale fluctuations [30]. Experimental results
show that the resulting scintillation after the receiver
lens is better described by a log-normal (LN) distribu-
tion [7,9]. We have shown in [29] that the 		 and LN
models become practically equivalent for D��0
(roughly for D�6�0). We will make use of this prop-
erty later in Section VI.

V. EFFECT OF CHANNEL CODING

Here, we investigate the effectiveness of channel
coding for aperture averaging receivers assuming a
quasi-static channel. We consider a simple rate 1/2 re-
cursive systematic convolutional (RSC) code of con-
straint length K=4, with the octal representation
�1,15/17�. The reason we chose this code is that the
classical convolutional codes have been shown to be a
suitable choice for use in FSO systems under any tur-
bulence regime because they make a good compromise
between complexity and performance [5].

A. Coding Gain for Different Turbulence Regimes

We have shown in Fig. 7, the gain in Eb /N0 required
to obtain BER=10−5, achieved by aperture averaging
with and without RSC channel coding. The gain is
with respect to the Eb /N0 required for an uncoded sys-
tem using a point receiver. (The point D=1 mm corre-
sponds to a point receiver; we set this value in order to
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Fig. 7. (Color online) Gain in Eb /N0 (with respect to a point re-
ceiver without coding) versus receiver lens diameter D for the three
cases of turbulence, plane-wave propagation, l0=4.6 mm, BER
=10−5. Dashed curves, aperture averaging without coding: solid
curves, aperture averaging+RSC �1,15/17� coding.
epresent D in the logarithmic scale.). Note that argu-
ng in terms of Eb /N0 has the advantage of taking into
ccount the channel coding rate, and thus, to make a
air comparison with the uncoded case.

From Fig. 7 we notice that we have a relatively sig-
ificant gain for the case of weak turbulence, irrespec-
ive of D. For instance, for D=50 mm, we have an
NR gain of 3.6 dB. For the cases of moderate and
trong turbulence, however, channel coding appears to
e inefficient except for very large D. For instance, for
=200 mm, we have SNR gains of 2.2 and 1.6 dB for

he moderate and strong turbulence cases,
espectively.1 There is negligible improvement in the
NR gain when employing more powerful codes (re-
ults are not shown). We conclude that channel coding
s suitable only for the weak turbulence regime or
hen a large aperture size is used. In fact, as ex-
ected, coding is not efficient against fading. It be-
omes increasingly interesting only when we have a
ow fading channel or when the impact of turbulence
an be significantly reduced, for example, by means of
perture averaging, spatial diversity, or adaptive op-
ics.

. Feasibility of Exploiting Time Diversity

When the aperture size is relatively small so that
he aperture averaging benefit is poor, we can perform
hannel coding and interleaving over long enough
rames (with respect to the channel coherence time �c)
r use delayed copies of data streams in order to ben-
fit from some time diversity [5,7,8]. When using a
elatively large aperture size, however, exploiting
ime diversity becomes practically infeasible. In fact,
ssuming that the channel time variations are mostly
ue to the transversal wind (with respect to the opti-
al axis), the use of a relatively large aperture size re-
ults in a large effective channel coherence time. In-
eed, by this assumption and considering the Taylor
ypothesis of frozen atmosphere, the spatial and tem-
oral channel coordinates are related through the
peed of the transversal wind V� [31]. The temporal
volution of the turbulence being due to V�, by aper-
ure averaging, we also average over the channel time
ariations. At the limit of D→
, we have �c→
 too.
onsequently, to benefit from time diversity, we have

o use interleaver sizes that are too large or to intro-
uce large delays between multiple transmissions of a
ata stream. This, in turn, imposes delay latencies
hat are too long and necessitates the use of huge
emory sizes at the receiver. As a matter of fact, the

aylor hypothesis is somewhat pessimistic. In practice
nd for long transmission ranges, we have slightly
horter �c than that predicted by the Taylor model,
ue to turbulence boiling. Nevertheless, exploiting
1Meanwhile, we can see the leveling in the curve of SNR gain for

he case of strong turbulence as explained in Subsection IV.B.
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temporal diversity remains difficult from a practical
point of view for relatively large D.

VI. OUTAGE CAPACITY AND THE IMPACT OF APERTURE
AVERAGING

Let us now study the impact of aperture averaging
on the channel capacity. In most FSO systems subject
to fading, we have a relatively slowly varying channel,
and hence, the outage capacity (capacity versus out-
age) is an appropriate performance measurement cri-
terion.

The channel capacity is defined as the maximum of
the mutual information I�b ;r� between the channel
input and output, denoted here by b and r, respec-
tively. The maximization is done over the input distri-
bution PB�b�:

C = max
PB�b�

I�b;r�. �7�

Here, we do not consider C in the sense of Shannon
capacity; we impose the constraints of OOK modula-
tion with equally likely symbols. The probability mass
function of the input is PB�b�=1/2, b=0,1. Imposing
these constraints in Eq. (7) gives the the maximum
transmission rate that we denote by COOK. Note that
we have max�COOK�=1 in units of bit per channel use.
From Eq. (1), we have r=bI+n, where I is the received
intensity. Conditioned to the received intensity I,
COOK is given by

COOK = 

−


+


�
b=0,1

PB�b�fR�r�log2�
fR�r�b�

�
b=0

1

PB�b�fR�r�b��dr,

�8�

where r is Gaussian distributed of mean zero or I (de-
pending on b) and of variance �n

2. After simplification,
we obtain

COOK =
1

2�2�



−


+


e−t2/2 log2�1 + 2e−�2/2 sinh��t�

+ e−�2
�dt, �9�

where �=I /�n
2. Assume that the transmission rate Rt

has been calculated considering a minimum value for
I, say the threshold IT. If I�IT due to a deep fade, we
have Rt�COOK and an outage occurs. The outage ca-
pacity is specified with respect to an outage probabil-
ity Pout. Here,

Pout = Prob�I � IT�. �10�

This is equivalent to the so-called probability of fade,
Pfa=Prob�I�IT� [7,32]. For the case of the LN channel
model, we have [23,33]:
Pout,LN =
1

2
�1 + erf�

1

2
�ln I

2 + ln IT

�2�ln I
�� . �11�

or the case of the 		 channel model, a closed-form
xpression has been developed in [34] for Pfa:

Pout,		 =
�

	�
�	���sin���
 − ���

� � �
���

�	�� − 
 + 1�
IT

�
1F2��;� + 1,� − 


+ 1;
�IT� −
�
��



	�
 − � + 1�
IT



1F2�
;
 + 1,
 − �

+ 1;
�IT�� . �12�

ere, 1F2�a ;c1,c2;x� is the generalized hypergeomet-
ic function. Note that Eqs. (11) and (12) assume high
nough SNR so that the noise contribution to the re-
eived signal can be neglected.

We have presented in Fig. 8 curves of outage capac-
ty Cout as a function of the receiver lens diameter D
or the three turbulence cases already considered. We
ave set the SNR high enough that the assumption of
egligible noise contribution in fading, used in the
erivation of Eq. (11) and (12), can be rational. The ca-
acity values are given conditioned to Pout=10−9. Set-
ing the adequate IT from Eq. (10), we obtain Cout from
q. (9) by numerical computation. For the cases of
oderate to strong turbulence, we use Eq. (12) for

elatively small D. For relatively large D, the numeri-
al computation of Pout becomes impossible due to val-
es of � that are too large and thus the required nu-
erical precision that is too high. For such values,

owever, we can practically make the assumption of
N distributed fading [29] and use Eq. (11) (see Sub-
ection IV.D). For large enough D, these expressions
ive almost equal results.

The results of Fig. 8 confirm the previous simula-
ion results in terms of BER. For the weak turbulence
egime, the capacity is close to 1 bit per channel use
ven for a moderate SNR of 10 dB. For this case, a
ens of about D=20 mm appears to be sufficiently
arge for approaching the maximum capacity limit in

oderate to high SNR. Note that the values of Cout for
NR=5 dB may be too optimistic as the assumption of
egligible noise variance does not really hold. For
oderate to strong turbulence regimes, we have to

hoose D�50 mm in order not to need a link margin
hat is too large. An interesting point is that for
0 mm�D�100 mm, Cout is smaller in the moderate
urbulence regime than in the strong regime. This
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could also be seen from the results of Figs. 3 and 4.
This conclusion may be frustrating as in practice we
need a larger lens for less severe turbulence. It can be
explained by the fact that for �R

2 =19.18 we are in a
well-established saturation regime (concerning the
scintillation index) and the scintillation speckles are
widely spread at the receiver plane. For �R

2 =2.56 we
are only at the beginning of saturation and aperture
averaging is less efficient.

VII. COMPARISON WITH MULTIPLE-APERTURE SYSTEMS

Efficient fading reduction can be obtained by em-
ploying spatial diversity techniques via the use of
multiple beams at the transmitter [30,35] or multiple
apertures at the receiver [4,8,36,37] or a combination
of both [18,38–40]. Here, we consider the second tech-
nique, that is, the use of multiple lenses at the re-
ceiver, which is the simplest among the three, regard-
ing the implementation complexity. Our aim here is to
compare its efficiency with that of aperture averaging
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ith a single lens. Compared with previous works
uch as [4,8], we compare the performance of single-
nd multiple-aperture systems in terms of BER and
out without making the assumption of point receivers
ut by considering practical lens diameters. In addi-
ion, we make this comparison for the two cases of
ackground- and thermal-noise-limited receivers and
how the difference between them. We will see that
aking a choice between employing multiple aper-

ures or a single large aperture is not straightforward
nd depends on the conditions of turbulence and re-
eiver noise. Let us denote the number of receivers by
. At the receiver, we perform equal-gain combining

EGC), which provides a performance very close to
hat obtained by optimal combining and has the ad-
antage of implementation simplicity [8,41].

The important point is to properly model the fade
tatistics for the sum of the M received signals Isum.
siftsis et al. have considered in [42] the use of mul-
iple point apertures assuming independent fading
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corresponding to different lenses. We also assume
here that the pupils are separated sufficiently apart
so that we have uncorrelated fading on the signals of
different apertures (as it will be explained later, this
is an optimistic assumption). Keeping in mind the as-
sumptions on which the 		 model is based, i.e., statis-
tically independent large- and small-scale fluctuations
Ix and Iy, and the assumption of uncorrelated fading
on different receivers, Isum can still be modeled by a
		 distribution, with the variances of large- and
small-scale fluctuations respectively given by �x,sum

2

=�x,1
2 /M and �y,sum

2 =�y,1
2 /M, where the subscript 1 re-

fers to one aperture. In other words, the parameters of
the 		 model become 
sum=M
1 and �sum=M�1. Dis-
cussions on this modeling are provided in Subsection
VII.C.

To perform a fair comparison with a single-lens ap-
erture averaging receiver of pupil area S, we set the
pupil area of each receiver for the multiple aperture
case to S =S /M. In this way, we have the same re-

0 5 10 15 20 25
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

E
b
/N

0
(dB)

B
E

R
4 × 100mm
4 × 50mm
4 × 25mm
4 × 10mm
Single, 200mm
Single, 100mm
Single, 50mm

0 5 10 15 20 25
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

E
b
/N

0
(dB)

B
E

R

4 × 100mm

4 × 50mm

4 × 25mm

4 × 10mm
Single, 200mm
Single, 100mm

Moderate turbulence regime(a)

Strong turbulence regime(b)

Fig. 9. (Color online) Average BER performance for multiple- and
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OOK modulation, plane-wave propagation, l0=0.
1

eived optical power for the two cases.2 Let us con-
ider the case of M=4. This is a suitable choice for a
easible geometrical design because it is considered in
he FlightStrata product of LightPointe [43], for in-
tance. We consider the two cases of background and
hermal noise-limited receivers separately in the fol-
owing.

. Background-Noise-Limited Receivers

In this case, by increasing the pupil area by a factor
, the received signal and noise powers increase by

he same factor, and hence, the SNR does not change.
his was the case in all our previously presented re-
ults. We have presented in Fig. 9 the BER curves ver-
us Eb /N0 for the two cases of moderate and strong
urbulence regimes for different lens diameter sizes.
2In practice, however, the overall receiver size will be larger for

he multiple-aperture case due to the required lens separation to
nsure low fading correlation (see Subsection VII.C).
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Consider first the moderate regime in Fig. 9(a). We
should compare the BER of a single aperture of diam-
eter D with that of the multiple-aperture case with
pupils of diameter D1=D /�M=D /2. For example, if
we consider a BER of 10−5, the SNR gain by using
four-aperture systems, compared with the correspond-
ing single-aperture systems of diameter 50 and
100 mm, is about 5.1 and 0.92 dB, respectively. The
case of four 10 mm apertures is almost as efficient as
that of a single aperture of 50 mm diameter. Interest-
ingly, we have practically the same performance for a
single-aperture system of 200 mm diameter and a
four-aperture system of 100 mm diameter each. We
deduce that, in the moderate turbulence regime, for
aperture sizes of the order of 100 mm or larger, the
use of multiple apertures is not really justified. Things
are different for the strong turbulence regime. As it is
seen from Fig. 9(b), considering the BER of 10−5, the
SNR gain by using a four-aperture system compared
with a single-aperture system of diameter 50 and
100 mm is about 6.63 and 4.34 dB, respectively. The
gains are more considerable than what we have for
the moderate regime. Interestingly, the case of four
10 mm apertures is almost as efficient as that of a
single aperture of 200 mm diameter. An appropriate
lens diameter for the four-aperture system would be
25 or 50 mm (for each aperture); negligible improve-
ment is obtained by increasing the lenses’ size to
100 mm.

For the sake of completeness, we have also pre-
sented the curves of outage capacity for the OOK
modulation in Fig. 10. As expected, we notice a sub-
stantial increase in Cout for relatively small lens sizes,
as compared with the single-aperture case in Fig. 8.
For the lenses of diameter larger than 50 mm, the re-
sults of Fig. 10 confirm the conclusions of the previous
paragraph.

B. Thermal-Noise-Limited Receivers

For thermal-noise-limited receivers, in the case of
using a single lens, by increasing the pupil area, we
should take into account the increase in the received
power while taking the noise variance unchanged.
When multiple apertures are used, however, the noise
variance after EGC will be M times the noise variance
for the equivalent single-aperture system. For in-
stance, comparing a single-aperture system of
200 mm lens diameter and a four-aperture system of
100 mm lens diameter each, we have the same total
received signal power, but for the latter case, the noise
variance after EGC is four times larger. Let us take
the case of a single-aperture system of 25 mm diam-
eter as the reference for setting the SNRs. We have
contrasted BER performances of single- and multiple-
aperture systems in Fig. 11 for the case of strong tur-
bulence [equivalent to Fig. 9(b)]. The case of a single
perture with D=25 mm is given just for reference.
e notice that multiple-aperture systems outperform

he equivalent single-aperture ones only at very low
ER. In other words, at very low BER, the benefit of
ore diversity gain by using a multiple-aperture sys-

em overcomes the penalty of increased total receiver
oise variance. As in practice we work at BERs typi-
ally of the order of 10−9, the use of multiple apertures
s always interesting.

. Discussion on Fading Modeling

The maximum diversity gain is obtained for the
ase of uncorrelated fading on the M apertures that is
alid when the lenses are spaced sufficiently apart.
otice that, if fading correlation on different aper-

ures cannot be ignored, the results we presented
hould be considered as lower bounds for the BER and
s upper bounds for Cout. However, it does not mean
hat using multiple pupils becomes useless in prac-
ice. For example, it is well known that for RF chan-
els subject to Rayleigh fading and using multiple an-
ennas at the receiver, even for correlation coefficients
s large as 0.5 the fading reduction is still significant,
nd hence, practically interesting [44]. The effect of
ading correlation on the BER performance of spatial
iversity systems is studied in [45] for the case of
eak turbulence.

Studying the fading correlation as a function of pu-
il spacing is out of the scope of this paper. Just note
hat the required separation to have uncorrelated fad-
ng depends not only on the link distance and beam
rofile but also on the turbulence strength and the
enses’ size. Under weak turbulence conditions, the re-
uired spacing lc equals the correlation length ��L,
hich is in fact the typical size of scintillation speck-

es [25]. In other words, if we denote by � the lens
pacing, that is, the distance between the borders of
wo adjacent lenses, we should have �� l . For rela-
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tively strong turbulence, the spatial correlation arises
mainly from large-scale fluctuations, and we need
larger lens spacings for reducing the fading correla-
tion. For such a case, and assuming plane-wave
propagation, we have lc=�L /r0, where r0 is the Fried
parameter. In our case, given �=1550 nm and Cn

2

=4.58�10−13, we have r0=1.2 cm and lc�6.4 cm for
the case of L=500 m (moderate turbulence regime)
and r0=6.2 mm and lc�37 cm for the case of L
=1500 m (strong turbulence regime). We notice that
attaining the conditions of uncorrelated fading may be
infeasible for the second case since the required pupil
spacing is too large.

Lastly, concerning the calculation of the 		 model
parameters for a multiple-aperture system after EGC,
note that it is suggested in [4] to use �sum=M�1 and
�I,sum

2 =�I,1
2 /M and to calculate 
sum accordingly. How-

ever, according to [30], the 		 model with 
sum=M
1
and �sum=M�1 fits better to histograms obtained from
simulated data.

VIII. CONCLUSIONS AND DISCUSSIONS

We have studied in this paper the effect of aperture
averaging on the performance of FSO systems under
different conditions of turbulence and optical wave
propagation. Although a part of the presented results
are rather known, we brought a different perspective
to the problem by considering criteria that are impor-
tant from a practical point of view, such as the aver-
age bit error rate and the outage capacity. Our pre-
sented results can provide a clearer vision for
evaluating the effective improvement achieved by em-
ploying aperture averaging in an FSO system. We also
compared single- and multiple-aperture receivers un-
der the conditions of background or thermal noise
domination. From the presented results, we can point
out the following main concluding remarks:

• For not-too-large aperture sizes, fading is more
destructive for moderate turbulence than for
strong turbulence conditions.

• The trade-off between link margin and outage ca-
pacity is especially important for moderate to
strong turbulence conditions. Use of multiple ap-
ertures permits a substantial gain to be achieved
in the outage capacity.

• Channel coding is efficient only for significantly
reduced turbulence.

• The achieved performance improvement by aper-
ture averaging is more significant for higher-
order modulations like Q-ary PPM, Q�2.

• Use of multiple apertures is advantageous over
that of a single large aperture for the strong tur-
bulence regime, or equivalently for long-distance
communication, although attaining perfect un-
correlated fading on adjacent apertures is diffi-
cult in practice. The advantage is less clear in the
case of thermal-noise-limited receivers.

• For the case of moderate turbulence, employing a
single large aperture would be preferable to mul-
tiple apertures, regarding the obtained perfor-
mance and the receiver complexity.

Note that, in comparing single-aperture systems in
erms of aperture averaging, we mostly fixed the noise
ariance and the average received intensity for any
ens diameter D. We explained in Section II that this
epresents the case where background noise domi-
ates thermal noise and when fixed FOV receivers are
sed. If diffraction-limited receivers are used, the
mount of received background noise is essentially in-
ependent of the receiver aperture size [8,22]. In prac-
ice, for reasons of simplifying the tracking task and
o alleviate beam wandering, fixed FOV receivers are
sed in most terrestrial FSO systems. On the other
and, if the thermal noise dominates, in addition to
he fading reduction illustrated in most simulation re-
ults, by increasing D, we benefit from an SNR gain as
ell. The main conclusions of our work remain valid,
evertheless. We end the paper with a discussion on
n important point, that is, the impact of the photode-
ector size.

An important assumption that we made is that we
ssumed a sufficiently large photodetector so that the
perture averaging is effective for any D. In fact, tur-
ulence induces a reduction of the spatial correlation
f the optical wavefront, and hence, results in an in-
rease in the signal spatial frequency content. This, in
urn, results in spreading the point-spread function at
he focal plane. The aperture averaging could be less
fficient if the detector area is not large enough, pos-
ibly in high rate systems, where the detector area is
elatively small, and under relatively strong turbu-
ence conditions [30]. In most FSO systems, the detec-
or area is large enough, typically about 50 to 500 �m
n diameter. When the photodetector is placed at the
eceiver pupil plane, no problem arises and the in-
rease in D can result in a full benefit of aperture av-
raging. It is more delicate if a fiber is used to connect
he pupil focal plane to the signal detection board (in-
luding the photodetector). In such a case, if a multi-
odal fiber is used (typically of 50 �m diameter), we

re likely to still benefit fully from aperture averag-
ng. If a monomodal fiber is used, however, as the fiber
iameter is relatively small (typically 10 �m), the
bove-mentioned problem may arise. Note that for
ber-coupled receivers, we may have an additional

oss due to poor fiber coupling resulting from a
urbulence-distorted received phase of the optical
eam [46]. The overall loss might be more important
n multiple-aperture fiber-coupled systems as com-
ared with a single-aperture system. This is another
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criterion that may tip the balance in favor of using a
single large aperture rather than several smaller ap-
ertures.
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